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FOREWORD

The growing interest in the ust. of columbium, molybdenum, tantalum, and tung-
stenmetals and their alloys for structurai applications has emphasized the need for an
up-to-date review of some of the more important physical, mechanical, and metallurgical
properties of these materials. Four consecutively numbered reports covering colum-
bium and columbium alloys, molybdenum and molybdenum alloys, tantalum and tantalum
alloys, and tungsten and tungsten alloys have been prepared. The intent of these re-
ports has been to assemble, present, and summarize, in easy reference form, the
engineering-property data of these four refractory metals and alloys. This report
covers molybdenum and molybdenum alloys.

In a~dition to data available from the published literature, numerous organizations
have contrbuted data for inclusion in this report. The Defense Metals Information
Center gratefully acknowledges the asslbtance of the following individuals and organiza-
tions who contributed valuable information used in the preparation of this report.

G. D. McArdle and F. Nair, Climax Molybdenum Company
H. P.eters, E. I. du Pont de Nemours C..mpany, Inc.
R. L. Wilkey, Fansteel Meta~lurgical Corporation
R. Bancroft and M. Schussler, Haynes Stellite Company
R. W. Werner, Lawrence Radiation Laboratory
G. P. Trost, Metals and Controls, Inc.
M. Torti, National Research Corporation
W. Bauer, Stauffer Metals Company

R. B. Bargainuier, Sylvania Electric Produ, ts, Inc.
C. Mueller and G. A. Liadis, Univerial Cyclops Steel Corporation
S. A. Worcester, Wah Chang Corporation
R. L. Ammon, R. T. Begley, and H. G. Sell, Wes•tinghouse -lectric

Corporation
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THE ENGINEERING PROPERTIES OF
MOLYBDENUM AND MOLYBDENUM ALLOYS

SUMMARY

This pe -- p o he results of a state-of-the-art survey covering molybdenum
and nine of its most promising alloys'$ All data are given in tabular and graphical form
covering some of the more important physical, mechanical, and metallurgical proper-
ties for each material. Ph.erences -,':ven at the conclusion of each material section.
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INTRODUCTION

The requirements for structural materials for service temperatures in excec., of
those attainable with present materials of *onstruction has provided the stimulus for the
development of refractory metals and alloys. Interest has stemmed largely from tile
high-temperature structural- engineering requirements associated with military hard-
ware. In the development of the refractory metals, columbium, molybdenum, tantalum,
and tungsten, and their alloys, extensive studies have been conducted and are in progress
which are aimed toward the investigation of fundamental metallurgical concepts. alloy
development, pilot scale-up development of promising compositions, and, ultimately,
alloy commercialization.

This report reviews some of the more important properties of molybdenum and
nine of its alloys. Of this group of alloys, several have not reached true comniel cial
status; however, the potential of these advanced experimental and pilot-production alloys
warrants consideration. All data are presented in tabular and graphical form according
to a number of important physical, mechanical, and metallurgical properties for molyb-
denum, and each of its nine alloys. Properties and alloys covered in this report are
listed in Table 1.

Trends in molybdenum-alloy development include new dispersion-strengthened
alloys and alInyq combining solution and dispersion strengthening, with emphasis on
higher elevated-temperature strengths than :h,-se exhibited for the more common
commercial molybdenum alloys. The area of idirication is also receiving considerable
attention in an attempt to optimize selected .nr-en-'.ies.

In preparing this state-of-the-art st r"-y, te-hnicei ;..urnals a",. ,.ablicatioiib,
research reports, and trade literature made available to the Defense Metals Inforniation
Center were supplemented with personal contacts with a number of individuals and organ-
izations actively engaged in the refrac.ory-metals field. P'eferencas are given at the
conclusion of each material section.
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OKGANIZATION OF ..- A PRESENTED IN THE APPENDIX

1. Identification of Material

Designation
Chemical composition
Forms available

1. Physical Properties

Melting point
Density
Thermal expansion
Thermal conductivity
Electrical resistivity

3. Mechanical Properties

Tensile Properties at Room Temperature

Ultimate tensile strength
Tensile yield strength
Elongation

Reduction in area
Modulus of elasticity

Effect of Temperature on I, ensile Properties

Ultimate tensile st, cngLh
Tensile yield strength
Elongation

Reduction in area
Modulus of elasticity

Notched Tensile P1ropertie.

Creep and Stress-Rupture Properties

Other Selected Mechanical Properties

4. Metallurgical Properties

Fabricability
Transition temperature
Weldability
Stres.-relief temperature
Recrystailization temperature

References
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APPENDIX A

MOLYBDENUM AND ITS ALLOYS

Unalloyed Molybdenum

1. Identification of material

a. Des:gnation:. many, depending upon individx'al supplier

b. Chemical composition:, Tables A-I and A-2

c. Forms available:. billets, forgings, strip, sheet, foil, plate, bar, rod,
and wire(I-

4 )
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TABLE A-1. CIHEMICAL REQUIREMENTS FCR MOLYUEý, UM

PRODUCTS AS PRODUCED BY ARC-CAST AND

POWDER- METALLC'$• Y TECHNIQUES(a)(i-4)

Content. taxmunt. weipht per cent

Element Arc Cast Por.der Metalluriy

C 0.010-0.040 0.010

0 0.0030 0.0070

N 0.0010 0. Ou02u

Fe 0.020 0.020

N1 0.010 0.010

Si 0.010 0.0'0

Mo 99.90 nun 99.90 nun

(a) For forgings. billets for reforging strip, sheet. fcil, plate, bar. rod, and wire.

TABlE A-2. REPESENTATIVE ANALYSES OF MOLYBDENUM AS PRODUCED BY VAIMOUS SUPPLIERS

Content. Maximum. weight per cent

------ 173Ca1 Powder Arc Cast or 'Fouder
Climas' * 5: Metallurgy. Metallurgy.

Eilticnt (a) -) Universal CyclnPSfcX
7

"I0) Sylvama(dXl1) Wesdnghose(eX1
2
)

Al .... 0.002 0.0010 0.0020

C 0.03 0.01-0.04 0.01-0.04 0.0050 0.0050

Ca .... 0.002 0.0010 0.002G

C o . .. . 0. 00 2 - - 0. 0 04 v

Cr .... 0.004 0.0050 0. C'Oz

Cu is.. 0.002 0.0010 0.0020
Fe 0.008 0.010 0.010 0.0050 0. =,

i1 0.0M06 0. 0005 0.001 0.0010 0.0020

K .... 0.001 ....

Pb .... 0.002 0.0010 0.0010

Mg .... 0.002 ý,.00oi 5.0020

Mn .... 0.002 0.0010 0.0010

Mo 99.9 nun 99.9 smn 99.9 rmin -- 99.95 tort

Na .... 0.001 ....

N 0. 002 (1.002 0.001 0.0020 ...C0a2

Ni 0.002 0.002 0.002 0.00,0 0.0050

0 0.0016 0.0015 0.002 0.0030 0.0100

Si 0. 008 0.008 0.020 0.0050 Q. 00.W30

Sn .... 0.004 0.0050 0.0060

Ti .... 0.Ot,2 -- 0.0020
W .... 0.00"2 -- 0.0040

Z-... 0.002 -- 0.0020

(a) For forgs.% billets.

,n) tor frougtt bars.
(c) For billets, bar. plate. and sheet.
(d) For oihi:, abs. and rices.

(c) For ,.ee'. plate, and bar.
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2 Physical Properties

a. Melting point: 4730 F(13)

b. Density: 0.369lb/in. 3 (1 3 )

c. Thermal expansion: Figure A-1

d. Thermal conductivity: Figu-e A-2

e. Electrical resistivity: Figures A-3 thrnugh A-5
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- - -- .- n~

I7K I -

FIGURE A-i1. EFFECT OF TEMPERATURE ON THE LINEAR THERMAL
EXPANSION OF COMMERCIAL- PURITY MOLYBDENUf1(

1 4 )

FIGURE A-Z. EFFECT OF TEMPERATURE ON THE THERMAL CONDUCTIVITY
OF COMMERCIAL-PURITY MOLYBDENUM(

1 4 )

FIGURE A-3. EFFECT OF TEMPERATURE ON THE ELECTRICAL
RESISTIVITY OF COMMERCIAL--PURITY
MOLYBDENUM(0 5 )
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Exoampe:

Resistance per fool of .0(0-inch-dc-neter
m0bdertxn at 500 K: 16.7 ohms

Ohms per Foot
A B

10(00- 100
800 080

Tempeature,K 600 060
Diornter,inch 500 o050

A B 400 -040

2-001 LO.0mO 200 020

200015

0005 045 100 010
2930 0006
300. 80 008

000086

400 oo0 6Q0-.030

U.040 40 04
500- ... 5 30 003

0060
0002 ...... , a 002

0003 0o 
oIno0.004 10 0!

0.005 0650 8 0008

00006 -020 6 0006
150- 5 00050.006- 4. "0004

2000 0.00os 030 3 00o03

2500- - o1400 -o0

0.020 . 0.600

00250.800 1 0001

A-3598

FIGURE A-,4. ELECTRICAL RESISTANCE VERSUS TEMPERATURE
NOMOGR' PH FOR UNALLOYED MOLYBDENUM( 1 6 )
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FIGURE A- 5. ELECTRICAL RESISTIVITY OF MOLYBDENUM AND ITS
TEMPERATURE COEFFICIENT

____ _____________________________________-____ ... ..... . I
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-3 through A-10
Figuies A-6 through A-II

Tensile yield strength: Tables A-3 through A-10
Figures A-6 through A-9

Elongation: Tables A-3 through A-10
Figures A-6 through A-8 and Figure A-11

Reduction in area: Table A-10
Figure A-6

Modulus of elasticity: 47 x 106 psi(l 2 , 16)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-11
Figures A-13 through A-17 and A-19 through A-21

Tensile yield streigth: Table A-I l
Figures A-12 through A-14 and A-16 through A-19

Elongation: Table A-1 1
Figures A-13, A-16, A-17, A-19, and A-20

Reduction in area: Table A- lI
Figures A-12, A-13, A-16, and A-18

Modulus of elasticity: Tables A-lI and A-12
Figures A-22 and A-23

c. Notched Tensile Properties

Figures A-24 through A-33

d. Creep ani Stress-Rupture Properties

Tables A-13 through A-16
Figures A-?4 through A-44
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e. Other Selected Mechanical Properties

Hardness:, Table A-17
Figure A-45

Bend ductility: Table A- 18

Compressive strength: Table A-19
Figures A-46 and A-47

Shear strength: Table A-20
Figure A-48

Impact strength: Figare A-49

Fatigue strength: Figures A-50 through A-52
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TABLE A-3. MINIMUM TENSILE-PROPErTY REQUIREMENTS FOR ARC-CAST AND

POWDER- METALLURGY MOLYBDENUM ROUND RODS(a)(4)

Minimum Minimum
Tensile Minimum field Elongation in

Medtod of Diameter. Strength. Strength (0.2k 1 Inch.

Consolidation Condition inches 1000 psi Offset), 1000 psi per cent

AC or PM Stress relhevei 0.020 to 1/8. incl. 85 65 -*(b)

Oer 1/8 to 1V',32 '70 55 15
Over 13, ^2 to 7/8 90 75 18

Over 7/8 to 1-1/8 85 70 15

Ovar 1-1/8 to 1-7/8 75 65 10

Oser 1-7/8 to 2-7/8 70 60 10

Oser 2-7/8 to 3-1/2 65 45 10

AC Recrystallized Under 2 GO 35 20

2 to 3-1/2 55 25 20

(-) properties ,!,.all be deter-ti'ted using 3 test rate of 0. 00.2 to 0. WE, inch per tnch per minute through 0.M per cent offset.

then 0.02 to ,. 05 inch per inch per minute to fracture.

(b) In 10 inches.

TABLE A-4. TENSILE-PROPERTY REQUIREMENTS FOR ARC-CAST AND POWDER-METALLURGY
MOLYBDENUM bfRIP. SHEET. FOIL, AND PLATEta)(3)

Tensile Minimum
Strengthi Yield Stiength Minimum Elongation in 2 Inches. per cent

Rsntc. (0. 2% Offset), Equal tu or Less Greater Than
100 psi 1000 psi Than 0.020 In. 0.020 In.

-84.5 43 10

u •- 10 '70 5 10

110-'35 90 3 5

135-160 110 2 5

(a) Properties shall he determiused using a test rate of 0. 002 to 0. 005 inch per inch per

minute through 0.6 per cent offset, then 0.02 to 0.05 inch p, rnch per minute to fracture.
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TABLE A-5. TYPICAL ROOM-TEMPERATURE TENSILE DATA FOR ARC-CAST STRESS-

RELIEVED MOLYBDENUM ROUND BAR PRODUCED BY CLIMAx(aXl9)

Average Average Yield Average

Tensile St..ngth (0.2% Elongation In
Diameter. Strength. Offset), 1 Inch,

inches 1000 psi 1000 psi per cent

1/4 105 96 37

1/2 105 95 35

5/8 99 90 36

3/4 92 84 1i

-3 86 30

1 98 85 30

1-1/8 96 87 ,5

1-1/4 89 7C 26

1-1/2 92 80 29

1-3/4 85 78 20

2 82 75 40

2-1/8 84 74 34

2-1/2 82 74 28

2-3/4 80 70 20

4 78 68 27

(a) Cold Water Production Facility. All data from 6-inch-diani ter arc-cast ingos covering
a ^-year period. Material stress relieved 1/4 to 1-1/2 hours at 1700 to 1850 F. Test rate
0. 002 inch per inch per minute in the elastic range, then 0. 05 inch per inch ocr minute to

fracture.
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TABLE A-6. ROOM-TEMPERATURE TENSILE PROPERTIES OF UNIVERSAL C' CLCPS ARC-

CAST MOLYBDENUM PLATE AND SHEET PRODUCTS(aX
9
. 10)

Property Minimum Typical

Plate. Over 3/16 Inch to 1/2 Inch

Tensile Strength. 1000 psi 90 105

Yield Strength (0.2ioOfftet), 1000 psi •' 95

Elongation in 2 Inches. per cent 5 8

Plate. Over 1/2 Inch to 1-3 /2 Inches

Tensile Strength. 1000 p~i 85 lu1

Yield Strength (0.20bOffset), 1000 psi 80 90

Elongation in 2 Inches. per cent 4 6

Sheet. 0.020 Inch and Under

Tensile Strength. 1000 psi 90 105

Yield Strength (0.2% Offset), 1000 psi 85 100

Elongation in 2 Inches, per cent 8 12

Shieet. Over 0.020 inch

Tensile Strength. 1000 psi 95 110
Yield Strength Co. 2% Offset), 1000 psi 85 100

Elongation in 2 Inches. per cent 10 14

(a) Test rate 0.05 t ich per Inch per minute.

TABLE A-7. ROOM-TEMPERATURE TENSILE PROPERTIES OF SYLVANIA POWDER-
METALLURGY STRESS-REUIEVED MIOLYBDENUM PLATE AND SHEET

PRODUCTS(aXII)

Proper7y Minimum Typical

Plate

Tensile Strength, 1000 psi 75 90

Yield Strength (0.2% Offset). 1000 psi 65 70
Elongation in 2 Inches. per cent 2.5 4

Sheet

Tensile Strength. 1000 psi 90 100
Yield Strength (0.2% Offset), 1000 psi 85 90
Elongation in 2 Lacjhvc, p". .•int 10 13

(a) Test rate 0. 005 inch pet inch per minute to 0.6 per cent offset, then 0. 05 inch per snch
per minute to fracture.
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TABLE A-S. RUOM-19-NIPERATURE TENSILE PROiPI-TIES OF CLIMAX ARC-CASTIMOLYBDENUM SHEET (l/161N1)C
0
i )

Strc~s Relieved Recrysta.lhzed
Property Long. Trans. Long. Trans.

T~:iiStrength, 1000 ps.

M'inimuni 91.3 91.. ,2.2 5.
\ 'iumirn 10S. 5 1U6. 2 66.5 66.0

's cd Strengtn (0.2j'k Offset). 100(' ,psi

Miwusnin 9. 82. 7 45.5 43.7
Slax~nmun 9u. 8 9-. 8 o 1.3 58.5

Elon-,tion. per cents

9fl 16 40 16
\1 muiniis 27 24 58 49

TABLE A-9. ROOMI-TEMPERATURE TENSILE PROPERTIES 01f
POWDER- METALLURGY TUB,,,Gta)(2A)

Tensi le Yield Elon1,atiors in
Strength. Strength, 2 Inches,

Temper 1000 psi 1000 ps. per cent

Recrystallized 65 ma\ 60 ma., o~ in

Stress relie~ed ei M3\ 60-85 8 nun

Half-hard 85-130 7.5-110 2 nun

(a) ror wuhine iavinc 1/8-inch OD or iarger and 0.014-ineh %.all or heamier. Typical anzaysem
O niiLma\ L-v,7 C a, in uu. wA~,,a .2,A, 0.0I0A-Ni, and 0.OI(-7eSi.
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TABLE A-10. FOME SELECTED ROOM-TEMPERATURE TENSILE PROPERTIES OF MOLYBDENUM

Tensile Yield Strength Reduction
Strength, (0. 2% Offset). Elongation, in Area.

Condito-r, !000 psi 1000 psi per cent per cetl Reference

Reoystallszed bar (7/16 inch)(a) 67.2 65.9 23 19.9 (22)
67.7 60.4 21 18.5 (22)

=:-sr-rehsceed rod (5/8 inch)(b) 114.4 -- 39 67.6 (23)
116.5 -- 37 68.2 (23)

As-rolleJ rod (:)/$ inch)(c) I0O. 2 7 8 .8(d) 40 s.l (24)
Stres-iclieved rod (5/9 inchyC) 97.2 82. 9 (d) 42 69 (24)
Recrystaffizea 1od 1o/8 in,,h)(c) 6d.2 55.9 42 37. 3 (24)

Rolled square bar (1/2 incb)(c)
t;. 151 1800 F 73.6 56. 6 56 57.9 (25)
8.6%, 1800 F 73.3 57.1 53 33.7 (25)

17. 1%. 1800 F 76.8 ul.4 50 53.1 (25)
2u. 1',% 1800 F 80.9 68d. 2 40 59.4 (25)

48.8', 1800F 91.6 83.5 41 65.4 (26)
79. 3'i 1800 F 98. 9 82.6 24 2J.? (25)

5.( r'. 2200 F 74.6 o2.8 45 47.1 (25)
I0.4'% 4 2200 F 7d.2 66.2 42 37.1 (26)

16.6d• 2200 F 80.6 69.q 36 43.3 (25)

2,.6,;q 2200 F 84.0 71.4 23 20.4 (25)
48.3%.q 2200 F 92.7 81.4 11 11.6 (25)

"79. 3% 2200 F 98.6 89.1 24 27.3 (25)

Cold-s;,.gcd natcrial (88-,,)(f) 97.1 95 18 -- (26)
As-cast material 24.3 -- 0 0 (27)
As extrude ' nches) 70.9 62.7 1 0. 8 ('7)
As-rolled round (2 mnches) 82. 3 76.3 23 13.3 (27)

As-rolled round (1 inch) 92.4 T2.2 30 30 (27)
As-roiled Round (5,8 inch) 109.3 84.7 76 36 (27)

(a) 0. 002%C.
(6,) 0.03o%.C.

(C) 0.015%.oC.
(J) 0. 1 per cent offset.

(C) P. .557,. C.
(f) (.0031,: O, 0.000355li. 0.001.5,N. and 0.0%17,C.
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Anne~shTe re *

YPld (0 2 offset)
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-UIT ARC CASTrLBENI A (141

El-nqob-a

A•nvwg Towouce. F

FIGURE A-6. EFFECT OF ANNEALING TEMPERATURE ON THE ROOM-
TEMPERATURE TENSILE PROPERTIES OF COMMERCIAL-
PURITY ARC-CAST MOLYBDENUM BAR (1/4-INCH
DIAMETER)( 2 8 )k

0 I

At~w* To woomw. F

FIGURE A-". EFFECT OF ANNEALING TEMPERATURE ON THE ROOM-
TEMPERATURE TENSILE PROPERTIES OF COMMERCIAL-
PURITY ARC- C-AST MOT YBDENUM SHEET (0. 020 INCH)(2 8 )
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Diameter. inch
• 0 0.01 0.02 0.03

C, 1 1 1

Dimeer ron

R

FIGURE A - 10. RELATION BETWEEN TENSILE STRENGTH AND DIAMETER
FOR DRAWN MOLYBDENUM WIRE(30)
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FIGURE A - 10 I EATO BTWE TENSILE STRENGTH AND ELNAINO OYDIAETER

FOR DR AWLNG TMOLBENAUMWRE( 3 0 )
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Amieding Temperature, C

A 46054

FIGURE A-1I.- TENSILE STRENGTH AND ELONGATION OF MOLYBDENUM
WIRE (0. 004-INCH DIAMETER) AS A FUNCTION OF THE
*'N.NEALLNG TEMPERATURE(3 0 )
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TABLE A-11. EFFECT OF TEMPERATUR ON TIHE TENSILE PROPWERT•S OF POWDER-IETALLUWIY AND ARC-CAST

SECTIONS TAIXN FROM MOLy¥iENUM FOpGINGS(&X
3
l)

T..OSIIC Y¥ek' Strength Elongation In Modalus of
Strength. (0.2% Offset). 1 Inch. Reduction in ELSSxlchy.

Temperature. 1000 psi 1000 psa pet cent Area. per cent 106 psi
SectioG(b) F Axial Tang. Axial Tang. A'ial Tang. Axial Taag. Ax"al Tang.

PM RPng. RT U.6.7 82.8 83.0 73.6 -- 40.3 -- 58.9 49.9 43.2
Supplier 1 600 63.3 61.6 61.5 58.7 20.7 26.0 60.5 68.4 46.6 43.6

1000 68.8 63.4 57.8 51.8 19.7 20.0 69.3 77.6 40.0 38.4
2000 42.0 37.3 39.3 36.4 17.3 20.0 78.3 64.0 34.6 27.3
3000 7.38 7.53 3.04 6.22 28.0 32.3 68.5 83.8 8.0 5.9
400 1.60 1.69 1.42 1.61 18.0 26.0 -- 88.3 2.0 1.7

PM Ping. RT 96.3 96.8 86.3 89.1 39.3 40.3 61.7 58.3 46.8 45.0
Suppler 2 600 64.4 66.2 65.1 59.3 34.7 31.0 66.1 77.2 42.2 40.9

1000 54.4 56.4 63. 52.5 22.3 23.0 18.2 76.6 38.8 38.0
2000 34.8 21.4 33.9 16.3 24.7 30.5 >90 >90 21.6 15.4
3000 5.6 6.0 4.4 3.7 31.7 25.7 82(c) 80(c) 10.4 7.1
4300 1.0 1.2 0.9 1.2 11.0 13.7 28.0 43.8 1.6 1.7

AC Ring. " 86.1 89.1 64.7 81.4 31.3 32.5 32.3 48.8 46.0 42.7
Suppler 2 500 66.7 67.8 36.6 44.1 35.3 35.0 77.3 66.9 34.9 39.7

1000 43.8 44.8 31.2 34.1 32.3 20.0 80.8 71.8 32.3 35.3
2000 28.7 34.3 22.2 31.0 28.3 24.3 69.2 pp.! 25.e 27.9
3000 5.49 6.10 3.51 3.87 34.3 37.3 91.0 >90 6.4 7.6
4500 0.614 0.461 0.508 0 . 304 (d) .. . .. .- 1.2 1.2

AC Liner. 75 "'. O(e) 735.6(e) 76. 1(e) 75. 6 (c) 21.0(c) 17. Olc) 23.9(e) 14 .6(c) 46. 6 (c) 41.7(e)
Supplier 2 600 46.9 43.2 40.2 37.0 33.7 32.0 80.2 76.9 41.J 40.9

1000 37.0 40.5 34.0 38.7 29.4 25.7 84.4 79.8 30.t 45.6
2000 3C. 1 30.6 29.8 30.1 20.4 21.7 >90 >90 38.0 36.1
3000 6.37 5.18 3.89 3.71 31.7 30.0 >90 >90 9.8 11.0
4500 0.562 0.582 0.415 0.443 2.6 2.5 -- 1.1 1.0

(a) Data given are the average of thre tests. Tent rate 0. 005 inch per Inch per minute to 1. 6 per cent offset, then 0. 00 inch
per inch per mlnute to fracture for mom-tempetatae teats. All elevated-temperature testa were conducted in argon. heated

by resistance at 100 F per secodl, held at temperature for 30 seconds. and then loaded at a rate of 0. 05 inch perIinch per
oanute to fracture.

(b) Chemical ana"PM RiRng. Supplier 1. 0.020DSl. <0.00i %NI, 0.003%rF, <0 001%Mn. <0.0015Mg. &<0.0011Cr.
0.O-,W. 0.0025So. 0.00116C.4 <0.001%Ca. and 0.0015A1. PM Ring. S.:.ler2.. 0.0061C. 0.00•I5S. O.001%NI.
j.0035Fe. 0.0015mn. (40011$Mg. 0.0011CrQ 0.0035W. 0.0015Sn. 0.0011,Cu. 0.0051a. 0.0015A1. 0.002260.
0.0006%H. nd 0.0006%N. ACRIng Suppller2. 0.020-0.028%C. 0.003-0.00.'s$. O.0015N1. 0.001-0.0025Fe.
0.0003-0.000750. 0.00001-O.000075H. and 0.0001-0.C004%i;. AC Uner. S-,9pller 2. 0.015%C. 0.00216W.
0.0015NI. .02F. 0.0002%0. 0.0011 H. and 0.00015 N. A schematic diagram showing forging p.rocedures used
it given below:

IM Ring. AC Ring. AC Uner.
Supplier 1 Supplier 2 Supplier 2

Billet Billet Billet
Upset Upset Block & rierce
RecrystallIze Back extrude Shape

Upset Stress relieve Stress relieve
Punh Part & face dngn
Cup Shape
Stress relieve Stress relieve
Part and rough machine ring
Ring roll
Stress relieve

(c) Oae test.
(d) Two tests.
(e) Four teats.
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"ABLE A-12. EFFECT OF TEMPERATURE ON THE MODULUS OF ELASTICITY
OF MOLYBDENUM

Temperature. Modulus of Elasticity. 106 psi

F Ref. (16) Ref. (3292)

RT 47 40.8
400 -- 35.1

500 44 --

6u0 -- 36.1

800 -- 34.9

1000 42 31.0

1200 -- 32.9

1400 -- 27.2
1600 -- 25.6

1800 o- 25.4
2000 38 21.4

2200 -- 1?.4
2400 8.55
3000 15 --

.750 4 -

4500 0.2 --

(a) From 3/14-inch-diameter arc-cast hot-cold-.3iled stress-relieved bar. Data
from compression tests conducted in argon at 0. 05 inch per minute.



A-20

FIGURE A- 12. LOW- TEMPERATURE STRENGTH AND DUCTILITY OF
COMMERCIAL- PURITY POWDER-METALLURGY AND
ARC- CAST RECRYSTALLIZED MOLYBDENUM BAR
(5/8-INCH DIAMETER)(28)

Rolled 16.50 to 1830 F from 2-I/8-inch square to 5/8-
inch round, recrystallized 2190 F.

FIGURE A- 13. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF COMMERCIAL,-PURITY SWAGED AND RECRYSTt.LLIZED
MOLYBDENUM BAR (I /4-INCH DIAMETER)(33)

Recrystallized 20 minutes at 2800 F.
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FIGURE A- 14. HIGH-TEMPERATURE STRENGTH OF ARC-CAST MOLYBDENUM
SHEET AT DIFFERENT STRAIN RATES AND HOLDING TIMES(34)

Specimens were heated to tebL temperature within 20 seconds and
tested in argon.

Tew. . C
0 400 500 .600 .70 0 500 MW 2=

A 5

I - -]

Z4WD 260D 29W 30= MW 340D 3400 3900
TT~mVe~o.. F

FIGURE A- 15. EFFECT OF TEMPERATURE ON THE SHORT-TIME TENSILE

STRENGTH OF ROLLED AND RECRYSTALLIZED ARC-CAST
MOLYBDEIIUM( 3 5 )
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FIGURE A- 16. EFFECT OF THERMAL TREATMENT AND TEST
TEMPERATURE ON THE PROPERTIES OF
MOLYBDENUM(Z 4)

r.0
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FIGURE A-17. EFFECT OF TEMPERATURE AND THERMAL TREATMENT ON THE
TENSILE PROPERTIES OF COMMERCIAL- PURITY ARC- CAST
MOLYBDENUM BAR (7/8-INCH DIAA!ETER)(ZB)

Aluminum coated tested in air.

Test rate 1000 psi per minute.

i

7-7

FIGURE A- 18. EFFECT OF STRAIN RATE ON THE LOW- TEMPERATURE
STRENGTH AND DUCTILITY OF COMMERCIAL- PURITY
RECRYSTALLIZED POWDER-METALLURGY
MOLYBDENUM BAR (5/8-INCH DIAMETER)(2 4 )

Recrystallized 1 hour at 2100 7.
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Temperature, F Temperature, F
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FIGURE A-•0. TENSILE STRENGTH AND ELONGATION OF MOLYBDENUM WIRE
(0. 012-INCH DIAMETER) AS A FUNCTION OF THETEMPERATURE FOR DIFFERENT ANNEALING CONDITIONS( 3 0 )

Slight-
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FIGURE A--'. EFFECT OF TEMPERATURE ON THE TENSILE STRENGTH
OF MOLYBDENUM WIRE AS A FUNCTION OF DIAMETER( 3 7)

FIGURE A-ZZ. EFFECT OF TEMPERATURE ON THE DYNAAMIC MODULUS
OF ELASTICITY(Z

4 )

- - ---- X

FO-

I OiN "'

FIGURE A-2Z3. EFFE-CT OF TEMPERATURE ON ThlE STATIC MODULUS OF
ELASTICITY OF ARC-CAST MOL.YBDEHUM(ZJ)
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True stress at fracture
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FIGURE A-25. NOTCHED STRENGTH AND DUCTILITY OF COMMERCIAL-PURITY

ARC- CAST AND POWDER-METALLURGY MOLYBDENUM BAR( 2 8 )
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FIGURE A-26. UNNOTCHED AND NOTCHED BAR AND SHEET TENSILE TEST
SPLCA'.-i~NS USE~D TO OBTAIN DATA SHOWN IN FIGURES A-27
THIROUGH A- 30.

All dime~nsions are in inches.
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"Temperature . F Temperature . F
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IC _ _0 -------
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Temperature , C Temperature , C A- 3375

FIGURE A-27. TENSILE PROPERTIES FOR WROUGHT, STRESS-RELIEVED
ARC-MELTED MOLYBDENUM BAR (1/4 HR AT 1000 C;
HARDNESS 234 VHN)(ZZ)

Unnotched Notched Impurity Weight Per Cent
Crosshcad Speed,
inch per minute 0.02 0.005 C 0. 00Z

0 0. 0022
N 0.001
H 0. 00006
Ta <0.2

W <0. 1
Others <0.05
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Temperature, F Temperature, F
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U- tdtchld i
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Temperature, C Temp:natuce * C A-i37•

FIGURE A-28. TENSILE PROPERTIES FOR RECRYSTALLIZED ARC-MELTED
MOLYBDENUM BAR (1 HR AT 1360 C; HARDNESS 188 VHN;
ASTM 7. Z(z

Unotched Notched Impurity Weight Per Cent

Crosshcad Speed,
inch per minute 0. 02 0. 005 C 0. 002

O 0. 0022

N 0.00o1
H 0. 00006
Ta <0.C
W 70. 1

Others <0.05
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Ta,.'.Vuiwfe. F Temperatue, F
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Temper-ture. C Tem sprture, C A toVO

FIGURE A-z9. TENSILE PROPERTIES FOR WROUGHT, STRESS-RELIE'VED
ARC-MELTED MOLYBDENUM SHEET (I14 HR AT 1000 C;
HARDNESS 222 VHN)({?')

Unnotched Notched Impurity Weight Per Cent
Crosshead Speed,

inch per minute 0. 02 0. 005 C: 0.02'6
8 0. 0009

N <0.00l
H C. 00006

Ta <0.2
W <0.

Others <0.05
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Temperotwe, F Tempeo*ure. F
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FIGURE A-30. TENSILE PROPERTIES FOR RECRYSTALLIZED ARC-MELTED
MOLYBDENUM SHEET (i'4 HR AT 1300 C; HARDNESS
168 VHN, ASTM 7. i)(ZZ)

Unnotched Notched Inipurity Weight Per Cent

Crosshead Speed,
inch per minute 0.02 0.005 C 0. 026

0 0.0009

N <0.001

H 0. 00006

Ta <0. 2
W <0, I

Others <0.05
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+-20 thread R.-S<D

p RN

4-20 thread
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A 38984

FIGURE A-31. UNNOTCHED AND NOTCHED BAR TENSILE TEST
SPECIMENS USED TO OBTAIN DATA SHOWN IN
FIGURES A-32 AND A-33
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FIGURE ,-&-32. EFFECT OF STRUCTURE ON THE UNNOTCHED AND NOTCHED
TENSILE STRENGTH OF ARC-CAST MOLYBDENUM BAR( 3 8 )

Unnotched Notched Impurity PPM

Crosshead Speed, 0.02 0.005 C 240-330
inch per minute 0 5-6

N <10
H <1
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SRecrystallized, large (032b mm) grained-\

100 Recrystallized, medium (0.165 mm) grained\. _.___ __ _
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Temperature, C

FIGURE A-33. EFFECT OF STRUCTURE ON THE UNNOTCHED AND NOTCHED
REDUCTION IN AREA OF ARC-CAST MOLYBDENUM BAR( 3 8 )

Unnotched Notched Impurit PPM

Crosshead Speed, 0.02 0.005 C 240- 330
inch per minute 0 5-6

N <10
H <1
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TABLE A-13. CREP AND RUPTURE CHARACTERISTICS Of FORGED ARC-CAST MO.YBDENUM AXIAL RINGS
AT 1500 TO 4300 F(aX39)

Time, we, to Produce Indicated Amount PlastiC Deforma-

Temperature. Stress, of Deformation don In 1 Inch,
Hext(b) F 1000 psi 1% 3% 5% Rupture per cent

069M 1500 50.5 127 153 154 M11 23.0

0695 50.0 15 103 105 106 22.0

9917 39.0 38 84 123 151 27.0
9915 38.0 90 339 471 526 22. C

9915 2000 22.0 19 30 36 39 26.0
9915 22.0 79 127 147 161 26.0
9915 22.0 s0 79 93 104 27.0
9915 21.71 118 171 194 205 28.0
9915 21.09 80 122 142 157 29.0

0695 2500 11.0 26 28 36 44 20.0

0695 9.8 11 70 207 372 31.0
9916 9.5 5 16 23 30 32.0
9916 9.2 12 32 63 253 30.0

9916 8.65 6 38 169 363 28.0
9915 6.94 209 209 1022 1116 30.0

0695 3000 5.6 14 24 40 53 34.0

0695 5.3 14 53 95 145 35.0
9917 5. 0 5 1? 27 66 37.0
9917 4.5 14 63 122 236 37.0
9917 3.86 21 124 247 431 34.0
9917 3.34 21 233 369 674 36.0

nld9S 3500 2.3 16 32 52 122 34.0
9916 2.2 13 73 97 175 30.0
0695 2.15 75 126 161 194 30.0

0095 2.1.5 15 63 101 169 30.0
0695 2.1 11 55 91 205 30.0
9916 2.05 9 39 s0 182 29.0

0695 4000 1.0 18 32 51 10 29.0
0695 0.950 7 37 56 76 28.0
0695 0.900 16 46 71 104 30.0
0695 0.800 23 64 120 193 29.0

0695 0,860 8 83 120 162 29.0
0695 0,850 10 33 54 116 30.0

0695 4300 0. 510 8 34 57 157 10.9
0695 0.500 31 21 123 29o 12.0
0695 0. 49C 16 65 129 220 12.0
-6695 0.480 9 26 41 107 14.3

0695 4.^40 28 68 91 157 10.3
0695 0. 450 30 94 163 257 10.3

(a) Specimens were loaded at room temperature and tnen resistance heated to tetmperature In approximately 20 seconds.
(b) Chetnical onalyses are Siven below:

Weigit Per C nt

Heat (L Si Ni .. e 0 H oN

0%95 0.015 0. c00 0.001 0.001 0.0002 0.0001 0.0001

9915 0. 023 0.003 0.001 0. 0(2 0.0003 0.00001 0.0001
991£ 0.020 0.004 0.001 0.001 0.0004 0.00001 0.0001
9917 0. M2.8 0. 0V4 0.001 0.001 0.0007 0.00003 0.0004
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TABLE A-14. CREEP AND RLM'TURE CHARACTEItSTICS OF FORGED POWDIER-?ýMTAL*LUtGY MOLY DENUM AXIAL RN1GS

AT 1500 TO 4300 F(aX39)

Time. wC. to Produce Indicated Amoutu PlasUc
Temperature. Stres$ of Deformatuon Deformation in 1 Inch.

F 1000 psi ;. 30 5 Rupture per cent

1500 41.85 49 54 55 59 19

41.6 51 64 A7 69 20

41.6 164 289 296 299 19

41.5 218 2M3 351 353 19

40.8 695 1396 1575 1587 19

2000 36.8 5 6 8 8 21

30.0 34 49 51 52 23
29.8 9 20 22 26 26

29.5 70 98 101 103 24

28.6 62 117 124 132 21

26.1 111 116 17"2 175 21

2500 12.0 1", 27 35 62 31

11.0 11 22 39 134 30
10.0 10 35 80 143 29

&Z 11 35 58 318 32

8.95 39 85 13 286 31

;Z. Ciý 2 79 67.5 31

3000 6.0 6 13 19 42 31

5.81 13 33 44 18 34
5.44 11 41 84 M05 29

5. 17 1K 53 105 237 29
6.0 12 76 135 295 30

4.4 14 23t 289 525 27

3500 2.8 17 41 47 52 33
2.75 11 46 pz !44 30

22. f3 .5" .. , 106 31

e. 73 150 174 284 29
2.2 101 303 3-,9 386 28

.1 7"2 198 203 214 29

400(t 1.98 11 -2 2, 27 29

1.75 I 26 32 36 29
1.5 28 62 67 74 29
1.33 62 78 1 865 23

1.30 29 61 65 71 2?

1.25 57 94 95 1N,2 -

4300 0.864 3: 39 40 --

0.750 31 3_ 38
0.680 52 53- 53 --

0.650 E2 105 - 105 --

0.560 ILv- 119 -- 200 --

0.523 1 S4 200 -i

(4) Sx cimcns %eme loaded at moor temperature ai.d thevi resitance heated to temperatuwe .n apprcrimately 20 econds.
Cl•emical .na)w-s 0.0111- Si. 0.O015-Ni. 0.002ý,Fc. 0.001¶,Mn. 0.O01•,M. 

0
.001•Cr. 0.003W. 0. 01•Sn.

0'. Cu. 0. 0015 Ca. and 0.001e A].
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TABLE A-15. STRESS TO PRODUCE 5 PER CENT CREEP DEFORMATION IN
1 MINUTE FOR FORGED ARC-CAST AND POWDER-
METALLURGY /XIAL MOLYBDENUM RINGS AT DIFFERENT
TEMPERA TURES(

3 9
)

Stress. 1000 psi, to Produce 5 Per Cent
Temperature, Creep Deformation

F Arc Cast Powder Metallurgy

1500 43.0 41.9

2000 22.3 29.6

2500 9.8 10.6

3I00 6.1 5.45

35)0 2.26 2.85

4000 0.9.50 1.54

080 . 40 7, 2OW

(a) Specimen ruptured bef-e 5 per cent creep deformation. Pesult shown is stress
to proauce 2 pc. sccnz Jeformation in I minute.

TABLE A-16. RUPTURE PROPERTIES OF WROUGHT GRAIN-REFINED MOLYBDENUM SHeET(a)(40)

Sheet Time to Elongation In
Temperature, Thickness, Stress. Rupture, 2 Inches,

F inch 1000 psi minutes per cent

21'00 0. 9O 10.0 4.8 5.9
0.059 8.0 11.8 12.5
0.059 .3.0 61.3 14.2

3000 0.060 7.0 1.1 3.0
0.060 4.1 6.6 8.6

0.060 4.1 13.4 9.4
0.061 1.9 102.8 14.8

(3) 6-inch damerter ngot, forged to sheet bar at 2050 to 2250 F. 1-inch sheet bar rolled to 1/4-snch plate at 1300 F. anneased
it 2100 F. and rolled to final sheet thsckness starting at 1000 F and fsinshiug at room temperature.
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FIGURE A-34. RUPTURE-STRENGTH RANGE FOB COMMERCIAL-PURITY
STRESS-RELIEVED MOLYBDENUM BAR (5/8- TO I-INCH
DIAMETER) AT 1800 AND 2000 F(41)
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Rupture T,me, hours A46059

FIGURE A-39. RUPTURE-STRENGTH RANGE FOR COMMERCIAL- PUB ITY
STRESS- RELIEVED AND RECRYSTALLIZED MOLYBDENUM
SHEET (0. 062 INCH) AT 1800 and 2000 F(4 1 )
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FIGURE A-36. CREEP AND RUIPTURE CURVES FOR COMMERCIAL- PURITY
ARC- CAST STRESS- RELIEVED MOLYBDENUM BAR
(5/8-INCH DIAMETLR) AT 1000 TO 2090 F(4 2 )

0. 0 15%'. carbon.
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i Stress Relieved

so

40 • -O... • 1,., 200 F 0 F

1400 F

40 
1600 F

1800 F

01 0 100 I000

40
-- 2000 FF

OL 1200 F 
00-0

0

Rupture Time, hours A.46036

FIGURE A-38. RUPTURE CURVES FOR STRESS RELILVED AND
RECRYSTALLIZED MOLYBDENUM BAR
(5/8-INCH DIAMETER) AT 1000 TO 2000 F("')

Stress relievcd 1 hour at 1800 F.
Recrystallized I hour at 2150 F.
0. 015% carbon.
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FIGURE A-39. CREEP AND RUPTURE CURVES FOR STRES&-RELIEVEv AND
RECRYSTALLIZED MOLYBDENUM AT 1600, 1800, AND2000 F(4-3)

0. 01 57o ca rbon.
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'C -
II 4•

SFI

FIGURE A-40. RUPTURE CHARACTERISTICS OF POWDER-METALLURGY

MOLYBDENUM AT 2910 TO 4930 •,(44)

00
0. ~ ~ T .0Wc o 60

FIGURE A-41. HIGH-TEMPERATURE CREEP AND RUPTURE CURVES FOR

ARC-CAST MOLYBDENUM SHEET (0.060 INCH) IN ARGON(4
4 )

Specimens werL loaded at room temperature and heated

rapidly to test temperature. Creep measurements were

made for maximum time of 5 minutes.

2 
.0. 0
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"e -,•. 2910 F
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3000 F

3090 F

0
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OAe

4530 F

2____ 4080_F02

0.01 01 1 10 I00

Rupture Time, hours A 46061

FJGURE A-42. HIGH-TEMPERATURE RUPTURE CURVES FOR COMMERCIAL-PURITY
POWDER-METALLURGY MOLYBDENUM BAR (1/4-INCH DIAMETER)
IN HELIUM(Z4 )
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Io . . . . . . .. .I . .. .

1000U

0IO

0.1 1.0 10.0 100.0
Rupture Time,hours A-46036

FIGURE A- 43. SI!R:..SS- RUPTURE PROPERTIES OF AS- RECEIVED
POWDER-METALLURGY AND ARC-CAST MOLYB-
DENUM SHEET (0. 010 TO 0. 020 INCH) IN
HYDROGEN AND ARGON AT 3990 F( 4 5 )

Method
of Analyses. ppm ,

Identifcation Consolidatioc C 0 N H Fe W Sa Ma Cu Ca Al C V Zz

I PM 6"7 1539 1 13 100 <400 <40 <400 <10 460 <50 0 <100 <50
2 AC 66 IM 16 1 200 <400 <90 <100 10 4<0 <50 40 <100 <50
3 AC ý4 129 4 12 100 -400 100 <100 <10 40 <54 0 <100 40
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A-45993

FIGURE A-44. LARSON-MILLER PARAMETER AS A FUNCTION OF STRESS FOR
ARC-CAST MOLYBDENUM SHEET (0. 010 TO 0. 020 INCH)( 4 5 )
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TABLE A-I1. HARDNESS SPECIFICATION FOR WROUGHT AND RECRYSTALLIZED

ARC-CAST MOLYBDFNIJM BARS(a)(6)

Diameer, Hardness. DPH(b)
inches Minimum Maximum

W rouight

Over 13/32 to 7/8 230 280

Over 7/8 to 1-1/8 225 270
Over 1-1/8 to 1-7/8 215 260

Over 1-7/8 to 2-7/8 210 250

Over 2-7/R to 3-1/2 205 240

Over 3-1/2 to 4-1/2 200 230

Recrystallized

Over 13/32 to 4-1/2 -- 200

(a) Hardness determined at mid-radius of bar.
(b) te-^. load.

500T
Legend

400 - Recrystallized
-- As rolled I

0300

w

c 200

-400 400 1200 2000 2800 3600
Temperature, F A46062

FIGURI A-45. EFFECT OF TEMPERATURE ON THE HARDNESS

OF COMMERCIAL-PURITY ARC-CAST WROUGHT
AND RECRYSTALLIZED MOLYBDENUM(24)
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TABLE A-18. BEND DUCTILITY REQUIREMENTS FOR ARC-CAST MOLYBDENUM

PLATE AND SHBET(a)

Direction of Bend Radius Value. T
Bend Axis Maximum Typical

Plate. Up to 0.250 Inch(9)

Parallel to rolling 3

Transverse to rolling 3

sheet(
1 0

)

Parallel to rolling 0

Transverse to iolling 2 0

(a) 3/4 by 2-inch specimens. ?Moderate loading rate.

TABLE A-19. -FFECT OF TEMPER1ATURE ON THE COMPRESSIVE

YIELD STRENGTH OF ARC-CAST MOLYBDENUM

BAR (3/4-INCH DIAMETER)aX3
2
)

Temperature, Compressive Yield Sifenih
F (0.2%pOffset). 7000 psi

RT 104.0
400 76.2
600 73.0

800 -)4

1000 08.5
1200 66.8

1400 59.6
1600 58.6

1800 54. n
2000 46.8
2200 10.9

2400 5.65

(a) Tested in argon at 0.05 inch per minute crossiead speed.
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200

16 01

.400 .000 0 20 400 600 a--

Tm~pon ,. F

FIGURE A-46. EFFECT OF TEMPERATURE ON THE COMPRESSIVE YIELD
STRENGTH OF REGRYSTAITZED COMMERCIAL- PURITY
POWDER-METALLURGY MOLYBDENUM BAR (0. 200-INCH
DIAMETER)(24)

Recrystallized 1/2 hour at 2280 F.
Test rate Z. 8 x 10-4 per second.

20
~I

02%-- % O ffO

.0 I00 . 00

FIGURE A-47. STATIC COMPRESSION CREEP CURVES FOR COMMERCIAL-
PURITY ARC-CAST SWAGED MOLYBDENUM BAR
(0. 250-INCH4 DIAMETER) AT 1600 F(2 4 )
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TABLE A-20. EFFECT OF TEMPERATURE C'N THE SHEAR STRENGTH OF ARC-CASI

MOLYBDENUM SHEET(
3

6)

Temperatuve. Shear Firength, 1000 psi

F 0.015-inch Sheet 0.060-Inch Sheet

-100 107 --
-50 8--

0 89 15, q8
32 84 69. 75

15 83 19
200 64,68 63,65
400 57 52
600 54
300 5O 45

1000 50 45
1200 46 42
1400 44 :15
1600 39 32

1800 36 26

125

-2 per se ,25 00.0 n [ _, ___ t1 ,o_____ o ________
025 2 125 perseec

5n0005 1000 - 025

25 
0005-.

500.)

0 500 1000 0 500 A40630n

Temperolure,F Temperoture, F A44o63

FIGURE A-48. EFFECT OF TEMPERATURE ON THE SHEAR
PROPERTIES OF MOLYBDENUM(I 3 )
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PM Riros,Suppier I

20
PM Rings,,Supplier 2V

U I I IAC Liners,Supplier 2

_____ \ - _____ ____

AG Rings,Supplher 2 I

Axial

0 100 200 300 400 500 600 700 800

Temperoture,F A-45986

Ana'ysec. weight per cent
PM Ring, PM Ring. AC Ring. AC Liner.

Element Supplier I Supplier 2 Supplier 2 'uppizcr 2

C -- V. ow v.020-0 0W8 1. 0l
Si C 020 v. 0v1 0. 003-G. OA 0.002
NI <0.001 0.001 0.001 0.001
Fe 0.003 0. 003 0. 00; -0. 002 0. 0(2
Mn '0. 01 1001 -. --
Mg <0. COl 0. 0ON - - -
Cr <0. 001 0. 001 --

w I. 05 0. 003 ...
Sn ('. 002 0. 001 ....
Cu 0.001 o.01 --0

Ca <0. 001 (..001 --
Al 1., 0.001 -- --

0 -- 0. 00"22 0. 0003-0. 0007 0.0002
i -- u. 0006 0.00001-0. 00003 0.001
N -- 0.0006 0. 0001-0. 0004 0.0001

FIGURE k-49. EFFECT OF TEMPERATURE ON THE IMPACT STRENGTH
(CHARPY V-NOTCH) OF POWDER-METALLURGY AND
ARC-CAST SECTIONS TAKEN FROM MOLYB3DENUM
FORGINGS( 3 1 )
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24- ---
PM Rings,Supplier I

201
PM RingsSupplier 2

S16 __K
- /

td 12 AC Rings,Suppl',er 2

AC RingsSupplier 2

4

0 - ----- Tangential

0 100 200 300 400 500 600 700 800
Temperature, F

A-45S85

FIGURE A-49. (CONTINUED)
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I I,
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lo' 105 '0o'
Cycles to Failue

FIGURE A-51. .;TEMPERATURE FATIGUE PROPERTIES OF
POWDER- lMETALLURGY IviOLYBDEN-UM SHEk.T

(0. 02-5 !NCH)(24)

150 i y r-
140- --

0 120 11

"0 II - -0Xa I - 0 I I

"(7 i l0 0•

90 I RT

801 l I 1 . 777 I
Cycles to Failure A46065

FIGURE-A-52. LOW- TEMPERATURE FATIGUE PROPERTIES OF
POWDER- METALLURBY MOLYBDENUM WIRE
(0. 04-INCH DIAMETERO( 4 7 0

Wire was annealed to a room-temperature tensile
strength of 111, 000 psi.
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4. Metallurgical P:operties

a. FabriLabilily: initial breakdown of as-cast ingots is usually doiue by extrusion;
forging is conducted at 2150 to 2350 F maximum, finishing
temperature 1500 to 1700 F minimum;, for optimum properties,
forging and reheiting temperatures must be controlled to
produce at least 50 per cent reduction by warm work below the
recrystallization temperature, as each successive operation is
performed, the heating temperature must be lowered; reductions
of up to 90 per cent are possible without an intermediate re-
crystallization anneal(43':, recommended work temperatures
after extrusion are illust;at-d in Figureb A-53 and A-54

b. Transition temperature: Tables A-21 and A-22

Figures A-55 through A-60

c. Weldability: can be welded to itself or to any material with which it readily
alloys by arc, electrical resistance, percussion, tid~l. or
electron-beam techniques; properly welded arc-cast molybdenum
has a ductility at room temperature satisfactory for assembly
and forming, but at slightly elevated temperatures (200 to 400 F),
the ductility is better, molybdenum prepared by powder-metallurgy
techniques does not behave as satisfactorily(24)

d. Stress-relief temperature: 1600 to 1800 F( 1 3 )

e. Recry3tallization temperature:, F'gures A-61 through A-69
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TABLE A-21. EFFECT OF HEAT TREATMENT ON THE TRANSITION TEMPERATURE AND NOTCH SENSITIVITY
OF MOLYBDENUM BAR(

3 8
)

Difference Between Notch

and Uinotchcd Ductility

Ductility Transition Temperature. C Transition Temperature.
Condition Unnotched Notched (Kt % 3) A C

As wrought (25•.• 75 200 125

As wrought (478%) -25 175 200

Low temp. stress relieved -50 150 200
Hign temp. stress relieved -50 125 175

Recrystallized (small grain) 50 200 K,

Recrysta!lized (medium giain) 200 326 125
Recrystallized (large grain) 225 a2.! 100

TABLE A-22. BEND-TRANSITION TEMPERATUIRE REQUIREMENTS FOR ARC-
CAST MOLYBDENUMo PLATE AND SlEET(a)

Direction of Bend-Transition Temperamute, F
Bend Axis Maximum Typical

Plate. Up to 0.250 Inch(
9
1

Parallel to rolling 300 70

Transverse to rolling 300 70

Sheet(
0

u)

Parallel to rolling 100 65
Transverse to rolling 100 65

(a) Bend-transition temperature is defined as trse minimum temperature at which a

specimen will bend through 105 degrees with a mosderate variable loading rate
over a IT radius without failing.

L ________________________________________________________________
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2000 1.

"o I
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017MC___

50 55 60 65 70 75 80 85 90 95

Reduction, per cent

FIGURE A- 53. APPROXIMATE RECOMMENDED WORKING TEMPERATURES FOR
CORRESPONDING AMOUNTS OF HOT- COLD WORK FOR ARC-
CAST MOLYBDENUM(

4 9 )

I- 0.480

O 0.320

C- 0
0.160

2

0 400 800 1200 WM0 2000 2400
Temperoture, F

A-45992

FIGURE A- 54. RECOMMENDED WORKING TEMPERATURE FOR
COMMERCIAL-PURITY MOLYBDENUM BAR AND
SHEET(

2 4)

Applies to spinning, shearing, stamping, punching,
hydroforming, bending, stretch forming, and deep
drawing.
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Temperot ire, C

-40 -20 0 20 40 60 80 100 120
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120 _

cn 100 --
S- E Alized

- 80

~60-

40-
C tress reli
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0
-60 -20 20 60 100 140 :30 220 260

Temperature, F A-35943

FIGURE A-55. EF ECT OF PRIOR PROCESSING ON THE BEI'±-TRANSiTIO

TEMPERATURE OF ARC-CAST MOLYBDENUM SHEET
(I/16 INCH)(?

4)

Specimens 1/2 by I inch.

Test rate 19 inches per minute.

Bend radius IT.

Data for seven sheets.

0 _Stress relieved in 1
~ 100 Electrapolished

a) S810 - Stress relieved in H -

60 LCaustic cleaned

< ICaustic cleaned40- " • Stress relieved in
S20- cracked ammonia _ _

-20 0 20 40 60 80 100 120 140 16C

Temperature, F

FIGURE A-56. BEND- TRANSITION TEMPERATURES FOR ARC-CAST
MOLYBDENUM SHEET (1/I 1 INCH) SUBJECTED TO
INDICATED THERMAL AND SURFACE TREATMENTS( 2 0 )
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FIGURE A-W7. IMPACT (CHARPY V-NOTCH) TRANSITION BEHLAVIOR OF
COMMERCIAL- PURITY ARC- CAST MOLYBDENUM( 2 4)
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w
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40
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Temperature, F A 46066

FIGURE A- 58. TYPICAL IMPACT (CHARPY V-NOTCH)

TRANSITION RANGE FOR MOLYLDENUM(50)

..
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Temperature, C
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'•I o1 14-P
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Temperature, F

FIGURE A-59. EFFECT OF TYPE OF STRESS SYSTEM ON THE TRANSITION
TEMPERATURE OF RECRYSTALLIZED MOLYBDENUMW5 1)

U

Oxygen 0

o 200 First occurrence of excess phase in 392

/imicrostructure
S50 02O

0

C

0
Commercial cost molybdenum-- 32 0

'U I c_ _

i-500 -

0 0.005 0.01 0.02 003
Oxygen, Carbon, or Nitrogen,p'.r -ent

A-45991

FIGURE A-60. EFFECT OF OXYGEN, CARBON. AND NITROGEN ON THE
BEND- TRANSITION TEMPERATURE OF MOL'Y BDENUM(57)
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Full recrystallizotion-r 1601 lpf I

As Rolled 1800 2000 2200 2400

I-Hour Annealing Temperature, F

FIGURE A-61. EFFECT OF ANNEALING TEMPERATURE ON THE HARDNESS
OF COMMERCIAL-PURITY MOLYBDENUM BAR (I-1/16 INCH
SQUARE)(

5 3 )

I£ I-Hou," Annealing Temperature, C
U

900 1000 1100 1200 1300

0 80 0015% C

.60 -A5 Innch dideetere

27 0.040%C,

I-nc l-inch ddiim er

270- 0.040 %=7 C,

z Fi-nch diameter
25C250

230
S210 -015%C,

IC I=
a 190-

1 70 1 •l

As Rolled 1800 2000 2200 2400
A-35932

I-Hour Reheating Temperature, F

FIGURE A-62. EFFECT OF REHEATING TEMPERATURE ON THE
RECRYSTALLIZATION AND ROOM- TEMPERATURE

HARDNESS OF AS-ROLLED MOLYBDENUM 3AR(24)



A-64

100

60 min__ 10 in /11 min //6 mi/mn / I
480 

10 minm

_ 0 -i __

"20 - Reduced
1800 2000 2200 2400 2600 2800 2400 2600 2800

Temperature, F

C
.2 min

___°__ ______11

20 2o educedued _

0: 0 1 11.2, we
2000 2200 2400 2600 2800 2400 2600 280 3000

Temperature, F

o.ole a 20

C
C; 60

80 -m in 
-

~60
40

0C Reduced
11.2%

2600 2800 3000 3200 3400
Temperature, F A-46050

a. Rolled at 2200 F

FIGURE A-63. RECRYSTALLIZATION BEHAVIOR AS A FUNCTION OF TIME

AND TEMPERATURE FOR MOLYBDENUM BARS ROLLED TO
INDICATED REDUCTIONS(

5 4 )

0. 008% carbon.
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FIGURE A-63. (CONTINUED)
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Temperature, F
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FIGURE; A-64. RECRYSTALLI.ZATION BE.HAVIOR AS A FUNCTION OF
TEMPERATURE AND EXTERNALJLY APPLIED STRESS
FOR MOLYBDENUM BARS( 5 4 )

Annealed for 10-minute periods. Subjected to indicated
reductions at 2200 F. 0. 008% carbon.
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FIGURE A-65. TEMPERATURE FOR COMPLETE RECRYSTALLIZATION VERSUS
PER CENT REDUCTION FOR MOLYBDENUM BAR (1/2 .NCH
SQUARE)( 2 5

)
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FIGURE A-66. EFFECT OF DEFORMATION ON THE MINIMUM
TEMPERATURE FOR COMPLETE RECRYSTAL,
LIZATION Of ARC- CAST MOLYBDENUM( 4 9

)
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. x OX

°*-¢-- -.- :r

FIGURE A-67. ANNEALING CURVE FOP ARC-CAST MOLYBDENUM BAR( 2 2 )

1/,. hour at temperature, hydrogen atmospnere, air cooled.

Arc-melted ingot s%aged to 7/16-inch diameter bar

V orking temperatures generally above 600 C.

Element Weight Per Cent

C 0.002
O 0. U022
N 0.001
H 0. 00006
Ta <0.2
W <0. 1
Others <0. 05

iZ

FIGURE A-68. ANNEALING CURVE FOR ARC-CAST MOLYBDENUM SHEET(W2 )

1/4 hour at temperature, hydrogen atmosphere, air cooled.

Arc-melted ingot rolled to 0. 065-inch sheet. Working
temperatures generally above 600 C.

Element Weight Per Cent

C 0.026

N <0.001
H 0. 00006

Ta <0. 2
W <0. I
Others
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I-Hour Reheating Temiperature, C

900 1000 1100 1200 1500

260
o• 240

2920-

200

Z5 180--

16C

As rolled V 1900 2100 2300

I-Hour Reheating Temperftre, F
A-359Z2

FIGURE A-69. RECRYSTALLIZATION BEHAVIOR OF ARC-CAST MOLYBDENUM
SHEET (1/16 INCH) AS REFLECTED BY ROOM-TEMPERATURE
HARDNESS( 2 0 )

Data for seven sheets. Analyses 0.0004% 0, 0.00002% H, and
0. 0007% N.

Process;ng Schedule

1. Arc-cast ingot machined into an 5. Sheet bar conditioned and re-
extrusion blank crystal] ized

2. Extruded 6. RoUed to 1/4 to 3/8-in. -thick
3. Extruded billet conditioned and re- plate

crystallized 7. Recrystallized
4. Forged or rolled to a I to 2-in.- 8. Rolled to 1/16-; 1. sheet.

thick sheet oar
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Mo- 1. 5Cb

1. Identification of Material

a. Chemnical composliton: Mo-1. 5Cb

b. Forms available: ingot and fabricated shapes on a best efforts basis

2. Physical Properties

a. Density: 0. 368 lb/in. 3 (calculated)

3. Mechanical Properties

a. Tensile Propcrt'es at Room Temperature

Ultimate tensile strength: Table A-23

Tensile yield strength: Table A-23

Elongation: Table A-23

Reduction in area: Table A-23

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-24
Figures A-70 and A-71

°Iensile yield strength: Table A-2-i
Figures A-70 and A-71

Elongation: Table A-Z4
Figures A-70 and A-71

Reduction in area:, Table A-Z4

c. Crcep •-i Stress-Rupture Properties

Tables A-25 and A-26
Figure A-72

d. Other Selected Mechanical Properties

Hardnesb: Figure A-73

Bend ductility: Figures A-74 throagh A-76



A-76

TABLE A-23. ROOM-TEMPERATURE rENSILE PROPERTIES cOF Mo-!.2CK, BrR AND SHEET

CorsspO.RLr,'n Tu.s~ik, Yield Reduction

(Balance Mol}bden'en) Strength. Strength Elo.gatton. in Area.

weight per cent Condition 1000 pta 1000 psi per cent pet cent

Bar (1 4-1IIId Dlaisetu)c 
1 

)

I 41Gb-0 04-,C Ar rollcd l7 5 i11 9 3 3.3

Stress relieved. 1 hour 21,0 F 127.8 107.9 4 2.5

Re-rystallized. I hour 255u F 67.7 54.9 44 36.8

1 tICb-..25( As rolled 165.5 121.4 2 1.6

Stress reliered. I hour 2-uh' F 155.6 120.2 1 0.8
Recrystallized. I hour 210o" 12.7 67.1 ) 11.4

_.heet (0.v5O llch)(a)(
2
)

1.35Cb-0.028C(b) Strcrs relieved, 1 4 hour 180o F 14o'.6 IL) 120.9 (L) 10 (L)
147.7 (T) 131. 9(T) 7 (T) --

1.3SCb-o.O28C(b) Recrystallized. 1/4 sour 2300 F 91.7 (L) p3./ (L) 38 (L)
95.: (T) 81.8 (T) 23 (T)

1.35Cb-. .28G(L') Sires relievhvd. 1, ; hour 180" F 135.J (1.) 11I 3 (L) l.) (L)

145.5 (T) 129.8 (T) 6p (')

1. 35Cb-0. 028C(c) Reulystallized, 1,-4 hour 2'3J , F 92 7 (L) 81.7 (L) 2v (L)
914. ' (T) 81.6 (1) '2t. ( )

(a) Tests rare 0.005 inch per inch per minute si. the elaste range, then 0.05 inch per ienh per minute to fracture.

(b) Slieet rolled in air with a relatively low finishing temperatairc.
(c) Sheet rotled in all with a relatively high finishing temnperaturc.

-__



A-77

TABLE A-21. EFFL'CT OF TEMPERATURE ON TIlM IENSILE PROPERTIES OF Mo-1.5Cb BAR AND SHEET

Coipositioin l Cliile Yield Reductlrn

(BalariLc Molybdeti in). Temperature. Strcngth. Strength. Elengsiton, in Area,

AeIS, hi pCe t CoJidatiotl F 1000 pIt 1,109' pit per cCut per ceit

Bar (1 4-Inch Diameter)(1)

1.41Cb-u.047C Sirci, rult'ved, 1 hour 21uo F 1800 87.2 63.0 17 56.1

240u "!3. ' 14.1 77 04.6

1 41Cb-0.047C Rcecrystallzed, 1 tour 2550 1 180' 41 v 2,. 2 25 33.4

2-1o0 21.C 11.8 31 37.9

1.45Cb-,i.25C As rolled 18o0 91..6 62.4 20 55.3

i.45Co--.25C btrers relieved, 1 hour 2,1ou F 1800 101.0 8..s 7 14.5

24u0 64 4 -- 3C 88.1

1.45Cb- .25C Recrystailtzcd, 1 hour 271)0 F 16o1 45.4 19.: 1, ,' 81.1

2 1, 3'1.5 -- 71 93.3

Sheet (o 050 l In)(a)(2)

1.35Cb-,.028C(b) St¢ui rc.. zvd ,4 hour 180, F 2)000 75.0 45.4 8

1.35Cb-..Q28C(b) Recrystallized. 1 4 hoor 23),, F 2,)-,d .1.() -- 25.5 --

1. .. (0.5
3,1wo 7.5 -- 55.5 --

1.35Cb-D.028C(c) Stre's rclieved, 1,4 iour 18J, F 2000 73.9 -4

.-35Cb-o.028C(c) Recrystallized. 1/4 hout 230,1 F 2000 41.7 -- 18.0 ""

2400 22.2 -2 7, -"

300o) 8. -- 44.5 --

(a) I e1t rate 0. 005 !n, h per m nIh per mninutc ir the elastic range, then 0. 05 inch per inct per mmnhrte o fracture.
(b) She!t tolled iii air with a relatively low finishing tempetature.

(c) Sheet rolled iii air wuth a relatively high finishzing temperature.
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Heat 4051-L, analyses 1. 35% Cb and 0. 028% C.-

Sheet rolled in air with a relatively low finishing temperature.

FIGURE A-70. LOW-TEMPERATURE TENSILE PROPERTIES OF LONGITUDINAL
STRESS-RELIEVED AND RECRYSTALLIZED Me -1. 5Cb SHEET
(0. 050 INCH)(2)
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Sheet rulled in air with a relatively high finishing temperature.

Heat 4051-H, •.r~alyses 1. 35% Gb and 0. 028%o C.

FIGURE A-70 (CONTINUED)
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Temrperoiture, F A-46028

Sheet rolled in air with a relatively low finishing temperature.

Heat 405 1-L., analyses 1. 35% Cb and 0. Z028% C.

FIGURE A-71. LOW-TEMPERATURE TENSILE PROPERTIES OF TRANSVERSE
STRESS- Rr;LIEVED AND RECRYSTAI I IZED M,.-1. 5Cb SHEET
(0. 050 INCH)( 2)
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Sheet rolled in air wi:th a relatively high finishing temrperature.
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FIGURE A-67 . (CONTINUED)
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TAbLE A-25. CREEP AND STRESS-RUPTURE BEHAVIOR OF Mo-1.5Cb BAR (3/il-INCHi DIAMETER)

Al 1800 AND 2400 F(1)

Comlposi•ison Minimum Rupture Redut.tloll

(B.iance Molybdeniusim), Stress. Creep Rate. 1 Lile. Elongation, in Area.
Weight p.r Cent Con!dition 1000 psi per cent slour hours per cent per cent

1800 F

I.-liCb-0.017C Stress relievcu, I hot.r 210,• F 75.0 0.33 17.1 16.4 76.t

70.0 0.u8 68.3 18.1 76.1

1.4lCb-0.047C Recrystallized, I hsour 2550 F 39.0 0.92 17.8 62.3 87.3
35.0 0.093 234.3 44.1 78.1

1.45Cb-0.25C Stress relieved, 1 hour 2000 F 88.0 0.35 18.7 16.0 83.1
80., 0.2L 32.8 19.u 73.8

1.45Cb-0.25C Reerystallized. 1 hour 2700 F 43.0 0.15 146.0 47.7 70.5

2400 F

1.4lCb-0.04'7C Stress relieved, 1 hour 2106 F 15.0 -- 0 . 3 (a) 15.6 21.5

12.- 0.30 49.5 51.2 97.3

1.41Cb-0.0471C Recty'.,ailLzedo. i fout 2550 F 15.U 3.50 5.2 37.5 84.6

11.0 1.2o U.8(a) 8.5 26.7

1.45Cb-0.25C, Stre•s relieved, I hour 2000 F 2o.0 0.60 3.1 40.8 83.2

!.0 O.IS 11.6 37.6 84.0

1.45Cb-0.25C Reerystallized. I hour 27'Ju F 16.i 1.80 1?7. 51.2 90.1

12..5 0. 07 53.2 44.1 90.1

(a) Sp r.i.. ,'•erheated.

TAIPLE A-26. 100-HOUR RUPTURE STRENGTH FOR STRESS-RELIEVED
AND RECRYSTALLIZED Mo-I.SCb BAR (3/16-INCH
DIAMETER) AT 1800 AND 2400 F(')

10o-Ilour Pupture Stress,

1000 p-i. to Produce
Compostilop Rupture. at Indicated

(Balance ,holybdcnur"r). Teanpc.rature

weight per cc.nt Cohditton 1800 F 2400 F

I.4lCh-0 047C Stress relieved 68.5 11.5

Receystallized 37.1 9.4

,.45Cb-0.25C Sttess relieved 80.0 12.3

Rec.ystallized 13.5 1.8
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4051-L sheet rolled in air with a relatively low isnishing temperature.

-,OSl-H sheet rolled in aiir with a relatively high liimsb-ng temperature.

Analyses 1. 35% Cb and 0. 0Z8% C.
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FIGURE A-73. EFFECT OF TEMPERATURE ON THE HO0T HARDNESS
OF ARC-CAST Mo-I1. SCb

Analyse a 1. 3 "J Ch anti 0.02% C.
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FIGURE A-74. BEND-DUCTILITY BEHAVIOR OF STRESS-RELIEVED AND
RECRYSTALLIZED Mo-I. 5Cb SHEET (0. 051 INCH)( 2 )

Sheet rolled in air with a relatively low finishing temperature.

Heat 4051-L, analyses 1.35% Cb and 0.028% C.
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FIGURE A-75. EFFECT OF TEMPERATURE, THERMAL TREATMENT, .AND
SURFACE CONDITION ON THE BEND DUCTILITY OF Mo-C .5Gb SHEET (0. 049 INCH)()

Sheet rolled in air with a relatively high finishing temperatulre.

Specimen chemically milled to 0. 046 inch.

Heat 4051-H, analyses 1.35% Cband 0.OZSC.
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FIGURE A-7u. EFFECT OF TEMPERATURE, THERMAL TREATMENT, AND
SURFACE CONDITION ON THE BEND DUCTILITY OF
Mo-I. 5Cb SHEET (0.056 TO 0.059 INCH)(Z)

Rolled in InFab facility.

Specimen chemically milled to 0. 053 inch.

Heat 4011-1, analyses 1.35% Cb and 0.0Z8% C.
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4. Metallurgical Properties

a. Fabricability: arc-cast ingots can be extruded to sheet bar at 2800 to 3000 F
us mng reduction ratios of up to 7: 1, sheet bar can be rolled to
intermediate gage thickness (1/8 inch) at Z400 F; final sheet
rolling to 0. 050 inch can be done at 1500 to 2000 F(Z)

b. Transition temperature: -58 to Z25 F deoending upon fabrication history,
thermal treatment, and surface condition(Z)

c. Stress-relief temperatare: 1 hour at 2000 to -2100 F for bar material(l);

1/4 hour at 2000 F for sheet (0. 050 inch)
material(M)

d. Recrystallization temperature: I hour at 2550 to 2700 F for bar materialt )

Tables A-27 and A-28
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TABLE A-27. EFCCT Of ANNEALING TEMFERATURE ON THE HARDNESS OF Mo-I.SCb

EXTRUDED SHEET BARS(aX
2

)

Ext-iszcn Hardness. DPII. After Annealing 1-Hour at

Tesnpcrature, Extrusion Indicated Temperature. F

F Ratio As ExUude" 2600 2800 3000 3200 3300

2800 4.1:1 230 218 207 206 1 9 4 (b) -

3000 4.5:1 247 203 108 199 18 8 (b) --
3200 5.5:1 205 209 --. . 1S2 1 76(b)

3000 5.4:1 224 2;7 -- 184 ....

3000 7.1:1 231 21o 213 198 1 9 9 (b) --

(a) Analysis 1.35% Cb and 0.0280p C.
(b) 100 per cent recrystallized.

TABLE A-<8. HARDNESS AND RECRYSTALLIZATION BEHAVIOR OF Mo-1.SCb SHEET (0.050 INCH)(aX
2

)

Sheet Roilled m Air With a $4ect Roiled ist A. Willh a
Relaiticly Low Finishing Rciattsl) Higi Finishing

114-Hour Annealing Temperature Tcmpctrstutc Sheet Rolled in In Fab Facility
Temperature. Hardness. Recrystallization. Hardness. Rec, ystallzation. tHardncs. Rccristallization.

F DP1I pet cent DN'I pet ccnt DPII Per cen

As rolled 332 0 32'. :i 39 1)
18045 319 0 310 11 ..
2900 331 0 3'3 0 297 0
2050 .-- -- -- 291 5
2100 297 5 296 2 256 40
2200 252 60 253 40 194 100
2250 235 90 241 80 -- --
23,1 181 100 193 IV. ....

'a) Analysis 1.350k Cb and 0. 028% C.
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Mo-0. 05Zr

1. ldentific.tion of Material

a. Chemical composition: Mo-0. 05Z

b. Forms available: ingot and fabricated shapes on a best efforts basis

2. Physical Properties

a. Melting point: -4730 F (essentiaUll the same as that for unalloyed molybdenum)

b. Density: 0. 369 lb/in. 3 (calculated)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Table A-29

Tensile yield strength: Table A--9

Elongation: Table A-29

Reduction in area: Table A-•2

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-30
Figures A-77 through A-79

Tens,le yield strength: Table A-30
Figures A-77 through A-79

Elongatio:n: Table A-30
Figures A-77 through A-79

Rtduction in area: Table A-30
Figures A-77 through A-79

c. Creep and Stress-Rupture Properties

Tables A-31 and A-32

d. Other Selected Mechanical Properties

Bend dutility: Table A-33

Figure A-80
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TABLE A-29. ROOM-TEMPERATURE TENSILE PROPERTIES OF Mlo-0.052: ROD AND SHEET

Comrsposition Tensile Yield Redouictot

(Salina- Molybdenum). strength. Stre-ngth. Elongation. in Area.
wcsgin; per Cnt Condtisos l0OC psi 10GbP psi per ceidt Wer cent Reference

Rod (-Vi--inch Diamseter)

('.05-Zr-0.OISC As totecd 1227.7 M0.: Lo 80.5 (1)

OSS54Zr-UAIlSC Stress relieved 126.4 111.0 '26 58.9 (1)
0.0642r-0.02-4C Stress releved 129.9 -32 65.0 (2)
0. 05;Zr-0. 02 .2 Stress relieved 12 9.9 to- 32 64. 9 (2)

0.ts54Zr-(0.0I&. Recrystalliued 75.6 59.3 23 18.9 (1)

Sheet (iV16 inch)

0.OSZt-r-O 'XZ As rolled 145.6(L) 124.3(L) 5.0(L) -- (3)
0.05Zr-0.022C As rolled 156.4(T) 133.7(T) 3.5(T) -- (3)

(s.OSZr-0.022C Stress rlIjeved(a) 126.0(L) 115.8(L) 13.0(L) -- (3)
0.OSZr-0.0-22C sties, relievesl(A) 131.0(T) 122. "(T) 9.0(T) -- (3)

0. 05Zrf-0. 022,C Rcrtystallszed(b) 78.8%L) 63.5(L) 40.0(L) -- (3)
u.06Zr-0.0-22c Recrystallized(b) 80.2(T) .2 (T) 36.6G(T) -- (3)

:.tlbtru.OSJCý As rolled 122.2(L) 106.0(4) :.S(L) -- (3)
-.OýZ~r-0.053C As rolled 129.1(T) 101. 5(r1) 6.5(T) -- (3)

u.0LE:-0-.C53C Stress relie~ved(-') 116.2(L) 99.143(L) 15.5(4 - (3)
L,.G5Zr-0.053C Stress relieved(A) 120. (T) 10-.3(T) 1,.5(T) -- (3)

(s OLE:-0.053C Recrystallszed(c) 6a.9(L) 66.0(L) 39.0(L) -- (3)
(sO05zr-O.063C Rek:ysuellzed(c) 78.9(T) 69.0O(T) 44.0(T) .(3)

(A) Stress relieved I hour at 2000 P.

(b) Rrer)stallszed I hour at 2660 F.
(s)Raxrystailszed 1 hour at 2606 F.
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TAULEA30 EPFLCT OF TEMPERATURE ON THE TENSILE PROPERTIES OF %10-0.05Zr ROD AND SHEET

Comsposiiuon Tensilt: Yield Redretion

(031,111ce MOl)bdCil,1rrr). Terriperatmae. Strsrgtll. Strength. Elonsgation, ini Area.

W~ight Per cenlt F Couditioa 100~) psi 1300 psi per cent Der Lent Refercuesk

L1.034Zr-O.OlIC 6u') As rolled bi.6 .53.6 17 75 1I)
0.0C4Zr-O.018C ;00 Stress relt-c-ed 51.0 4-1.3 14 72 (1)
0.054Z:.0D.ltC 1600 Reerptall-mcd 32. t' 17.C3 46 1., (1)

0.054Zr-0.0'24-C !t. St-e- relieved 78.7 - 4 65 (4)
0.05 lZr-0.02 IC 1800 Stress relieved 7b.6 - 32 64.9 (4)

0.054Zr-0.024C 2L tress relieved "60. e 5&.3 1iý 7-. 1 (4)

0.054ZrO0.0:'4CI -t 0 Stress relieved 69.7 67." 1; 541.1- (4)

(,.034Zr-0.Ol8C 2400 Stress relieved 31.8 "15. 1 33 91.6 (5)
G. 054Zr -0. 024C 240 Stress relieved Z1.0 17.0 210 92.2 ()
L'.05'.Zt*0.02lC 240U St.ress relieved L2.o is l. I 23 01.3 0.)

.cj54Zr 0.01ZC 2400 Recrystallized 20.0 12. ~ 39 114.5 (5)

Sirect 1 16 Im ti)

0.05Zr-0.022C 1800 A, rolled 7S.8 (L) -- 1.0(L) -- (3)
(-.(6Lr-0.W22C 1I00 As rolled 77. ft(T) 29. 6( F '!() -. (3)

0 061:-0 O.22C 1800 Stress rclicyed(3) V:. 8 (',) *- ,. 0 (L) .- (a)
0.Oblr 0.022C 1800 Stress relsesed(a) 78.6(T) '-21. 0(T) -- (3)

0.05,Zr-0j.(22C 1800 Rkerystallszed(b) 31.9 '1 14. 2 (L) 2S.C (L) -. (3)
ISOZ-.0~ 1600 Rrysullizud(b) J1.6(7) 17. 2(T) -,3. u( 1) (3)

0.05Zt-0.053C 1800 As rolled 55. t;(L) 33. v(L) 5. 0(L) -- (3)
0.OSZr-0.053C 1I00 As roiled 61.3(T) -- .. 0(T) ( -)

0. ( ;r-D. 05
3
C .1$0(, Stress rclsesed(a) 65.t6(L) --. 3&0(L) (3)

0.0'1z-0.06,k.C 18CC, Stris, relieved(~') 6L2. t(T) 1. 1.0(T) (3)

L -sZr-0."53C 1800. Reerystallized(c) LS. a(L) 13. ;(L) S. (I(L) (J)
5,.OZZrC.053C 1800 ReerysWIilized(c) .7. 1(T) lu.3 (f) IV. ()(T) -- (3)

ts.05Zr-0.02MC 2-400 Stress relicvcd(a) 2',1. 3(L) -- 14. 0(L) - ~ (3)
L.C*5Z;.0.t222C L'400 btress rclievcd(3) 19. 7(T) ;U. 3 (T) 16. (T) (3)

0. 05zf-0.02 2rM 40G Recr)sla lzd(b) 19.2 (L) 10.4 (L) 29t. (L) ~ - (3)
0.05zf-0.0*22-(: 240 Re zsc~i.d(b) 18. 2 (T) 6-4.(T) W0.:(T) ~ 3

0O r-.5C24 0( Stress relieved(3) !7. 1(L) 9. 3 L) -23.0(L) -- (3)
0.0."Z~ .1L; 24 00 Stress relieved(3) 11. 1(T) 7. J(T) -26. 0(T) - (3)

C. CZr',Z I - :I t0 Rcr:ýslali~zcd(e) 1,. t4(L) 6.O0(L) '- 2. 0 (L) - 3
(-." ',ZrO-.03 2100M R,.ry:a 11izcd(e) 16. 4(T) 7. :1 (7) 29. 0(1) . 3

( i:- Sr,~ litvcd I Ii, it at1 F0 .

(is) Rcssisialliucd I hiow at 2M0F.

(c) Rccristlliszed I hiow~ at -'5(0 U.
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Temperature, C

ISO -40 .3O -2o -.0 0 to -20 -10 ,.7

150o 1 1 '1 nReducton area 05

1 1

Y.Qd
o,• -t

z El0oRedution 5
. in are

Yiwl-',o -- 20 -3-5

1000

0-- e20 . 10 1

Temperature, F ,•

FIGURE A-77. LOW-TEMPERATURE TENSILE PROPERTIES OF Mo-0, 05Zr

BAR (5/8-INCH DIAMETER) IN THE AS-ROLLED AND
STRE•SS-RELIEVED CONDITIONS(

1 
)

Stress relieved 1 hour at 1800 F.

Analyses 0. 054% Zi.• •nd 0.018% C.
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Trn peroture. C

I 0 -45 -40 -35 -30 -25 -20 -I, -10 -5 0 5 10 iS 20 25 30

100 e 30 o:
o •. Elongaton

so- T.i. IL . _1 25I
-A-pttue Z -•i~f:0 2- L0 LtK

-SO-3 40 -30 -20-0 o 0 20 30 40 50 60 70

FIGURE A-78. LOW-TEMPERATURE TENSILE PROPERTIES OF
RECRYSTALLIZED Mo-O. 05Zr BAR (5/8-INCH

DIAMETER)( 1 )

Recrystallized 1 hour at -450 F.

Analyses 0. 054% Zr and 0. 018% C.,
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Tern.pwature ,C
RT 900 1000 1100 1200 1300

120 Asrol led _________ ____ __

080

U)

C tress relieved
40-- - - 1

20 _____

0.

0800

40 \A Stct.- relieved -

20 Recrystal lized

soStress relieved 80

.60 J

404

w t
20 ~ As rolled ____20____

*Elonga'tion
0 0~ Reduclion in area 1

RT 1600 1800 2000 2200 2400
Temperature, F A-35904

FIGURE .- 79. EFFECT OF TEMPERATURE AND CONDITION ON THE
TENSILE PPOPERTIES OF Mvo-0. 05Zr(!5)
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TABLE A-3.. STRESS-RUPTURE DATA FOR STRESS RELIEVED AND RECRYSTALLIZED

Mo £.3;SHEETC I."C1 AT 1]0( FP)

Carbon Content, Sue. 1030 psi, to Produce R eut€
weight per cc m Condjton I Houw 10 Hours 10£3 Hours

Vu'2 Stut. rclkesed .hoat at L'00,• F 74.5 64.o ro
Recrp.aLrzed I hou: at L550 F 30.0 2..5 ;:3.5

. , Stress ehct.c.d I hoil at 2(,00 F .58.0 5%;0 45.0

Recrysulizcd I boir at 2n0 F 31.5 .i 21.5

TABLE A-32. CREEP AND STRESS-RUPTURE PROPERTIES OF AS-ROLLED. STRESS-RELIEVED. AND

RECRYSTALIIZED Mo-O. O3Zr AT 1Y'0 TO 2100 F(a)

Roduction

Tcznpmatute. Stcrs. Creep Rite. kuptux. Tine. Elongation. in Area.

Coil0ion F I00 v psi per cet13,ot: hours -eWr cent per cent Rkfeancc-

72.0 0. (f, 17f. 1 25.- -1 (.)
6-5.o 0. O. lt •6z1.4. l(b) .. l

l30o 7O. 0 0..4 10.o 34. Ir'.4 (3)

2. 0 C'. 05 11.7 .o .6 (V)

-(A, 4..0 G. 1 .. 12.3 ji. V()

30. 0. 0,031 46. v 13.6 ". (N

Rec.%,tallhzed ll6L 4(.) " '.4 4.'. .43.6 (1)
33. C 0s.•5 31.( 29. 95. (. (3)

, 30.0 -- .2 34. 94.S (0)
-5.6C 0. 1•- ý0(.7 " S7.. ()

:J.ýt.•,'. 143 .. -5 al.c' (1)

As ,oled .4(-, 15.( 0.90 11.3 !q4. F9.6 (0)

L - 1,6 147.3 14.1 n].3 (b)

(a) AnAlvwc, .(,451Zy and C,.0i-7C.

( Te,-t di-ca t.Lcd.
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TABLE A-33. BEND-TEST DATA FOR Mo-O.0lZr SHEET (1/16 INCH)(3)

Specimen Temperature. F. for Bend Angle

Carbon Content. Orrentaton(a). lndicitrd Bend Angle at 75 F,

weight per cent Condition degreLs 10 Degrees 90 Degrees dc-,ee%

0.022 A, rolled 0 >-140 18 140

Stress relieved ( 23 62 140
Recrystallizt.d 0 68 72 140
As rolled 1d0 -75 190 40

Stress relieved 90 -59 -54 140
Recrystallized 90 8 22 140

0.053 As rolled 0 -48 48 110

Stress relieved 0 60 115 31

Recrystallized 0 130 132 0
As rolled 90 -28 330 49

Stress relieved 90 43 85 65

Recrystallized 90 120 142 0

(a) OhsentaLson of long dimension with rolling direction.

140 A._
100~ &o surfocepreparation

80 A 0002 in. removed byS80 chemical milling
60.

60 40 0.022 % C

"• 20 -

c 14"0 T Legend ..

1200"100 preparation

C O006 inremoved80• rZ• by chemical millin,
S60

40 0 053% C

20,I I

-140 -60 20 100 180 260 340 420

Temperature, F A 460?2

FIGURE A-80. EFFECT OF TEMPERATURE AND AMOUNT OF SURFACE
REMOVED BY CHEMICAL MILLING ON THE BEND
PROPERTIES OF STRESS-RELIEVED Mo-0. 05Zr
SHEET (1/16 INCH)(

3
)

Stress relieved IS minutes at 2100 F.

Specimen.s cut parallel to rolling d~re .tion.
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4. Metallurgical Properties

a. Fabricability: successful conversion to sheet product has been demonstrated by
the following schedule (1) arc-cast ingot machined into an
extrusion blank; (2) extruded; (3) extruded billet conditioned and
recrystallized; (4) 'orged or rolled to a I to 4-inch-thick sheet

bar; (5) sheet bai conditioned and recrystallized, (6) rolled to
1/4 to 3/8-inch-thick plate;, (7) recrystallized; and (8) rolled to
1/16-inch sheet. (3)

b. Transition temperature: -60 to 50 F for sheet (1/16 inch) material, depending
upon thermal history. carbon content, and sheet-
surface cundition(

3 )

c. Weldability: should behave similiar to unalloyed molybdenum; zirconium would
tend to improve welding characteristis( 7 )

d. Strees-relief temperature: 1/4 to 1 hour at 2000 *o 2100 F for sheet (1/16 inch)
mate rial(

3 )

e. Recrystallization temperature: 1/4 to 1 hour at 2500 to L600 F for sheet (1/16
inch) matei ial(3 )

Figures A-81 and A-82



A-!00

1 '00
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I
o !i m m imm mm

-,, -mnI6 I -

o0 V mn m /
- 40--- 4

]20 Reduced Reduced
I88.7%546

M 2500 2700 2900 3100 2500 2700 2900 3100
Temperature, F

r-100 --- i-- 1
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Temperature, F

0 Reduced i0

FIGURE .'-81. RECRYSTALLIZATION BEHAVIOR AS A FUNCTION; OF TIME AND

TEMPERATURE FOR M'o-0. 03Zr BARS ROLLED TO INDICATED

REDUCTIONS(
8

)

Analy.is 0.059% Zr and 0.010% C.
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,C 100 -1
o Reduced i Reduced

a80 89.2% -- 59.6% ._ _

C60 60 1mi rain

mmi --

o 10
20 m-inraI min

2500 2700 2900 3100 2500 2700 2900 3100
Temperature, F

-,O~ i d -ro/ l
8 60 I0 m i 6m

- 80- 1 m
C ~ ~ 60~ min I min

_40 min min {
0 j Reduced Reduced

20 31.7% 18.5%

0' 2700 2900 3100 3300 2700 2900 3100 3300

Temperature, F

100
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Reduced80- 
--105%

g60 rain60 -- mi
- mi
0

N40

IQ2 min
•, 20 -i I

I- OI
0

2700 2900 3100 3300
Temperature, F A-46025

b. Rolled at 3000 F

FIGURE A-81. (CONTINUED)
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-C 100 2 Qoo

60G-- /0 JC

400

__ 20 psi Reduced
88.7%

(r C
2500 2550 2600 2650 2700 2750 2800

Temperature, F

U) II
80 4 ___2000 / 000

C6o o.. 0;
C 60 /•, • /0psi

0

20_Reduced _

>2 24.8%

0
0' 2600 2650 2700 2750 2800 2850 2900

Temperature, F

S100

0.l
C-
.• 60 p psi
02000

" 20 Reduced ___S' 2C __ii l" .I•
U

- 0
2700 2750 2800 2850 2900 2950 3000

Temperature, F A46073

FIGURE A-82. RECRYSTALLIZATION BEHAVIOR AS A FUNCTION OF
TEMPERATURE AND EXTERNALLY APPLIED STRESS
FOR Mo-0. 05Zr BARS(8 )

Annealed for 10-minute periods.
Subjected to indicated rpduction at 2200 F.
Analses 0.059% Z r and . 0.10% C.



A-103 and A-l04

Referenccs

(1) Semchyshen, M. , and Barr, R. Q. , "Arc Cast Molybdenum-Base Alloys", Climax
Molybdenum Co. , Contract No. N9onr-8Z100 (1955).

(2) Br-ckart, W. L. , Whalen, S. J. , Jaffee, R. 1. , and Gonser, B. W. , "Molybdenum
Alloys and Protcction by Cladding", Project Rand Rt-port from Battelle Memorial
Institute to United States Air Force (April 25, 1950).

(3) Semchyshen, M. , and Barr, R. Q., "Mechanical Properties of Molybdenum and
Molybdenum-Base Alloy Sheet", ASTM STP No. 27Z (1959).

(4) Barr, R. Q. , and Semchyshen, M. , "Stress-Strain Curves for Wrought Molybdenum
and Three Molybdenum-Base Alloys", Climax Molybdenum Co. (December, 1959).

(5) Semchyshen, M., McArdle, G. D., and Barr, R. Q., "Development of Molybdenum-
Base Alloys", Climax Molybdenum Co., WADC TR 59-280 (October, 1959).

(6) Semchyshen, M. , McArdle, G. D., and Barr, R. Q. , "Development of High
Strengths and High Recrystallization Temperatures in Molybdenum-Base Alloys",
Climax Molybdenum Co. , WADC TR 58-551 (February, 1959).

(7) Private communication from F. Nair, Climax Molybdenum Co. (1963).

(8) Semchyshen, M. , and Barr, R. 0., "Extrusion and Mechanical Properties of Some
Molybdenum- and Tungsten-Base Alloys", Climax Molybdenum Co., ASD TR 61-193
(May, 19b6).



A-105

Mo-0. 5Zr

I Identification of Material

a. Chemical composition: Mo-0. SZr

b. Forms available: ingot and fabricated shapes on a best efforts basis

2. Physical Properties

a. Melting point:. - 4730 F (essentially the same as that for unalloyed
molybdenum)

b. Density:- 0. 368 lb/in. 3 (calculated)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Table A-34

Tensile yield strength: Table A-34

Elongation: Table A-34

Reduction in area: Table A-34

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-35 through A-37
Figures A-83 and A-84

1 uisile yield strength: Tables A-35 through A-37
Figures A-83 and A-84

Elongation: Tables A-35 through A-37

Figures A-83 and A-84

Reduction in area: Table A-36
Figures A-83 and A-84

c. Notched Tensile Properties

Table A-38

d. Creep and Stress-Rupture Properties

Tables A-39 and A-40
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Other Selected Mechanical Properties

Bend ductility: Table A-41

Shear strength: for sheet material(3 )

Room Temperature 2500 F
Stress, Per Cent of Stress, Per Cent of
1000 psi TS 1000 psi TS

80.5 74.5 23.4 60.5
74.4 69.0 25 . 0 64.6
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TABLE A-34. ROOM-TEhMERATIM TENSINL PROPERTIES OF Mo-0.SZr ROD AND SHiET

Composition Tensile Yield Reducton
(Balance Moiybdenmrw). Strength. Stength. Elongauon. in Area•

Wcgb,: Pei cent Coodition IOU psi 10 I (I petr €t per cent

Rod (1/2-Inch Dianetef !,}

0. 19Zr-0.22C As rolled 125.3 95.4 21

u.4
9
2r-0.02flC Stress rhelie¢ 118.7 0. 8 33 55.6

0.52Zr-O.3,C Stress reciexed 120.8 2_. 3 21 38. 0

V.
4 9

Zr-O. 
2 2

C Recrystallzed 85.0 ,3.4 49 50.1

Sheet (0. 045 Inch). Stress relieved 1 Hour at 2200 F(2)

D.4
9
Zr-0.014C SR 60 stress ,elteved 104 (L) 84 (L) 8.6(L) --

0.49Zt-0.014C SR C0" stress relieved 110.8 (T) 94 (T) 11 (T) --

u.49Zr-o.014C CR 60% stress reheced 98.2 (L) 7.9 WL) 8.8(L) --

0.49Zt-C. 014C CR 60k sires relieved 104.8 (T) 83.5 (T) 16.6 () --

0.49Z-0o. 014r SR -.5% surest relteyed 13 (L) 91.1 (L) 18.3(L) --
O.

4 3
Zz-0.014C SR I5A stress relieved 116 (T) 99.6 (7) 8.2 () --

0.49Z--0.014C CR 5K& stress rheleed 109 (L) 89 (L) 12. 3 (L) --

0. 
4 9

Zr-O. 014C CR 75% stress relieved 110(T) -.9.7 (T) 11.3 (T) -

0.49Zr-0.014C SR 9W,% stress rehced 128 (L) 94 (L) 14.3 (L) --

0. 49Zr-0. 014C SR 9064 stress relh•esd 12 1.,5 (T) 105.1 (T) 8.6Cr) --

0.49Z;-0.014C SR90,% stress relieved 105.1(45deg) 88.8(45deg) 24.3(4,Sdeg)

s,.
4 9

Zr-0. 01
4
C CR 9013 sires rehesed 120.1 (L) 90 ML) 14.3 (L)

0.49Z-0.014C CR 9V^ stress relieved 116.2 (T) 103.7 (T) .5 (T) --
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TABLE A-35. IOW-TEMPERATURE TENSILE PROPERTIES OF ANNEALED Mo-O.5Zr SHEET

(0. 040 INCH),',X
3
)

Teinile yield Strength Elollation
Temperature, Strength, (0. 2% Offset). n 3/4 Inch.

F 1000 psi 1000 psi per cent

RT 108.3 83. U 15. 8R
108.3 84.2 IG. 4

32 111o.. 91.3 13.4

114.4 91.1 15.3

U 11"1.8 98.4 .
11,;. 0 1 .0.

-40 1 '.0 103.2 3.5
101. 0 "-05.1 1..4

(a) Annealed I hour at 2200 r. Nomnnal .rhon *onteit 0. 04 pC' LtCII.
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TABLE A-36. EFFECI OF TEMPERATUIRE ON THE TENSILE PROPRTIES OF Mo-0.SZr ROD AND S-T

Composition Tensile Yield Reduction
(Baltoce Molybdenum). Temperatute. Strength. Strength. Elongation. In Area.

Weight per cent F Condition 1000 psi 1000 psi per cent per cent Reference

Rod (1/2-Inch Diameter)

0. rO-0.22C -60 Stress relieved 129.9 110.0 3 3.2 (4)

O.19Zr-0.22C *10 Recrystalhzed 73.7 55.2 4 3.0 (4)

O.-IM-0.22C 0 Stress relieved 123.7 92.8 29 44 (4)
0. 19t-0.22C 0 Recrystallized 78.0 49.3 5 4 (4)

0.49Zr-0.022C 1800 Stress relieved 72.7 62.8 10 34.3 (1)
0. .2Zr-0.30C 1800 Stress relieved 77.1 *- 18 38.2 (1)

0. 49Zr-0. 022C 1800 Recrystallized 47.0 - 40 88 (1)

0. 49Zr-0. 022C 2000 As rolled 80.0 68.3 13 82 (4)

0.49Zr-0.022C 2400 Stress relieved 26.6 24.^ 27 24.6 (4)
0. S2Zr-0. 30C 2400 Stress relieved 46.3 32.5 19 60 (4)

0.49Zr-0. 022C 2400 Recrystallizcd 23.0 10.9 81 93.2 (4)

Sheet (0. 045 Inch). Stress Reltewd I How 3t 2200 F

O.49Zr-O.014C 2000 SR 605 57.2 (L) 54.1 (L) 2.5 (L) -- (2)
0.49Zt-0.014C 2000 SR 600k 57.1 (T) 65.6 (T) 2.4 (T) -- (2)

0.49Zr-0.014C 2000 CR 605 55. 8 (L) 49. 0 (L) 3. 6 (L) "- (2)
0.49Zr-0.014C 2000 CR 605 61.8 (T) 59.8 (T) 5.7 (T) -- (2)

0.49Zt-0.014C 2000 SR 751, 63.3 (L) 16.5 (L) 3.7 (C.) (2)
0.49Zr-0.014C 2000 SR 75" 73.5 (T) 54.2 (T) 1.3 (T) -- (2)

0.49Zr-0.014C 2000 CR 755 64.5 (L) b5.2 (L) 4.7 (L) (2)
0.49Zt-0.014C 2000 CR 755 69.4 (T) 5S.2 (T) 7. 5 (T) -- (2)

0.49Z.-0.014C 2000 SR 905 68.5(L) 64.5 (1.) 7.1 (L) - ()
0.49Zr-0.014C 2000 SR 90% 65.4 (T) 62.6 (T) 7.1 (T) (- C2

)
0.49Zt-0.014C 2000 SR 90% 54. Ot5deg 53.6(4Sdeg) 7. 1(45 deg) '2)

0.49Zr-0.014C 2000 CR 90% 71.5 (L) 66.3 (CL) ".9(L) -M (
2
)

0.49Zr-0.014C 2000 CR 905 68.8 (T) 63.6 (T) .0 (T) -- (2)

0.49Zr-0.014C 2200 1R 60% 40.5 (L) 36.8 CL) 3.1 (L) -, (2)
0.49Zr-0.014C 2200 SR 60% 49.9 (T) 47.1 (T. 3.8 (T) -- (2)

0. IZr-0. 014C 2200 CR 605 45.5 (L) 35. 1 (L) 7.2 (L) -- (2)
0.49Zt-0.014C 2200 CR 68 49.1 (T) 41.1(T) 4.3 (T) -- (2)

0.49Zt-0. OI4C 2200 SR 71% 47.0 (L,) 
4
0.6 (L) 6.3((L) -- (2)

0.49Zr-0.014C 2200 SR 75-k 54. 7 (T) 51.4 (T) 4. 5 (T) (2)

0.49Zr-0. 014C 2200 CR ?b% 50.0 (L) 42.1 (L) 3. 7 (L) -- (2)
0.49Zr-0.014C 2200 CR 75. 54.9(T) 45.5 CT) 6.2 (T) -- (2)

0. 49Zr-0. 014C 2200 SR 90% 44. 5 (L) 38. 1 (L) b. 9 (L) -- (2)
0. 49Zr-0. 014C 2200 SR 90% 45. 7 (T) 36. 1 (T) 2. 4 (T) .. (2)
0 49Zr-0.014C 2200 SR 90% 42. IN45del 35. 3(46deg) 7. (45deg) -- (2)

0.49Zr-0. 014C 2200 CR 90% 47. 9 (L) 41.8 (L) 7. 1 (L) .. (2)
0. 49Zr-0. 014C 2200 CR 90% 44.8 (T) 49.3 T) S. 0 (T) - (2)
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TAALE '.-j,. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF STRESS-RELIEVEV
MNi-0. 5Zr SHEET (0. 040 INCH)(a)(

3
)

Yield

Tensile S:rengths Elongation in

Temperature. S*c=tgh. (0.2% Offset). 3/4 Inch.

F 1000 psi 1000 psi per cent

RT 105.4 86.1 16.3
108.6 8S.9 18.8
110.2 as.-, 18.•

1000 74.2 68.8 7.5
74.9 69.8 6.2
74.6 .3.8 --

2200 44.6 40.1 9.5
46.F 40.7 10.6
4..8 42.1 10.0

2500 40.3 36.8 11.3
37.0 31.2 16.2

(a) Stress relieved 1 hour 3t 2200 F. Test tate 0. 005 inch per inch per minute to yield, then

0.03 inch per inch per minute to fracture. Nominal carboa content 0. 04 per cent.
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Temperature, C
-60 -50 -40 -30 -20 -10 0 10 20 30 40 50

70 140 "T I I I I i I I

60 130 - - - - Redu ction in area

40 I10 • /Elongation i

920- 90-

10 Stress relieved
<l( C0.L- a/ I hour at2200F I

: 70 0 90 iE I/,-

V

70- 9

"= P Reduction in' ara ,
Fs 5o - 70ora,

S/•rElongation'
40- 60 '

30 50 ied

20 40 1.7
10 30 Recry,,.JIIi zed

1 0 -- I hour at 2900F

0~'1 20L i T

-80 -60 -40 -20 0 20 40 60 80 100 120 140

Temperature, F A-3600o

FIGURE A-83. LOW-TEMPERATURE TENSILE PROPERTIES OF

STRESS-RELIEVED AND RECRYSTALLIZED
Mo-O. 5Zr BAR (I/Z-INCH DIAMETER)(

4 )

Analyseb 0. 47% Zr and 0. 02Z% C.



A-Il12

Temperature, C
RT ,O0 100 1200 1300

I \ -. I I

120

8 to0]-__0 rolled -_____________

60 F I "" Stress relieved

40 ý-• Recrystallized

20

80-0 IAsrolled

6C~ Stess relieved
C
T 40 ,,

- 20

0 _/ - ,,__ _

Recrystallized

0 - As rolled 'Eiongaton ,30
0 Reduction in area <

0 . - Stress relieved 40 c

-o ,Stress 'relieved :3

0 _ I Asrolled I jo
0RT 1800 2000 2200 2400

Temperatt-re, F A46074

FIGURE A-A4. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF Mo-O.5Zr(l)
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TABLE A-38. ROOM-IEMPERATURE ilOTCHED TENSILE PROPERTIES OF SIRESS-RELIEVED

Mo-n. SZ.r SHEET (0.043 INCli)(a)(3)

Notched

Notched "1 utsile/
Notch Notch Tensile Elongatlot in Unnotched

Radius. Width, Strength. 3/4 Inch. Tensile

inh C t 1Ou0 psi pet cent Strength Ratio

0.012 0.427 4.4 122.0 2.0 1.14

118.3 1.5 1.09

0.004 3.418 7.3 116.t 2.5 1.07

11o.8 2.0 1.07

(a) Stress relieved 1 hour at 2200 F. Test rate 0. 005 inch per inch per minute to yielding, then 0. 03 inch per inch per minute
to fracture. Nominal carbon content 0.04 pet cent.

TABLE A-39. CREEP AND STRESS-RUPTURE PROPERTIES OF STRESS-RELIEVED AND RECRYSTALLIZED

Mo-O. 5Zr AT 1800 AND 2400 F(a)(4)

Rupture Reduction

Temperature. Stress, Crcep Rate, Time. Elong.•w.., in Area,

Condition F 1000 psi per cent/hour hours per cent per cent

Stress relieved 1800 70.0 -- 0 8.3 24.9

60.0 0.065 53.8 20.0 84.9

2400 20.0 -- 0 .5.2 15.3

15.0 1.10 3.1 5.9 10.8

Recrystallized 1800 40.0 5.00 3 1 39.2 99.4

35.0 0.4; 42.2 28.2 80.6
2400 12.5 -- 37.6 -...

10.0 0.12 37.3 14.8 3. 0

(a) Analyses 0.449% Zr and u. 022% C.

TABLE A-40. STRESS-RUPTURE PROPERTIES OF STRESS-REUEVED Mo-0. 5Zr S.1EET

(0. 040 INCH) AT 2200 AND 2.500 F(a)(3)

Time to

Temperature, Stress. Rupture. Elongatian,

F 1000 psi houris percent

2200 37.0 1.64 12
32.0 19.2 15

30.0 7.4 16
30.0 8.6 5

2600 16.5 15.5 32

12.0 65.6 36

(a) Sire- :chit.ved I hour at 2200 F. Nominal carbon ,.ontent 0. 04 per cent.
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TABLE A-41. ROOM-TEMPERATURE BEND DATA FOP Mo-n. 5Zr StEET(
2
)

rabricitton Data .smbher Of Results of 105-Deg
Reduction. Test Specimera Bend V -Block Bend

Method per cent Direction Tested Radius. T Passed Failed (Cracked)

Vapor Blasted and Electropolshed to Remove 1/2 Mil per Side

Straight rolled 90 Longitudinal 4 2 2 2
Straighnt rolled 90 1 ransverse 4 2 u 4
Cross rolled 90 Lonpttudinal 4 2 1 3

Cross rolled 90 Transverse 3 2 3 0
Straight rolled 75 Longitudinal 3 2 0 3
Straight rolled 75 Transverse 4 2 1 3
Cross rolled 75 Longitudinal 2 2 0 2
Crosw mislet] 75 Transverse 3 2 0 3
Straight rolled 60 Longitudinal 2 2 1 1

Straight rolled 60 Transverse 2 2 2 0
Cross rolled 60 Longitudinal 2 2 2 0
Cross rolled 60 Trassvcrse .2 U 2

Annealed 2200 F 1 Hour; Virgo Pickled 1-1/2 Mintets to Remove 4 to 5 Mils per Side

Strright -olled 90 Transverse 3 2-1/2 3 0

Straight rolled 90 Transverse 1 1-1/2 0 1(a)

(a) Crac-ed at bottom of strokc.



A-115

4. Metallurgical Properties

a. Fabricability:- the following schedule has been successfully used to convert
ingot to sheet: (1) extrude at 2850 F, (2) forge extruded sheet
bar at 2800 to 3000 F, (3) breakdown rolling of forged bar at
2400 to 2600 F, (4) roll to plate sizes at 2200 to 2400 F, and
(5) sheet rolling at 2250 F(2)

b. Transition temperature:. -60 to -20 F for bar (1/2-inch diameter) material(4 );
<-40 F for sheet (0. 040 inch) material( 3 )

c. Stress-relief temperature: I hour at 2200 F( 3 , 4 )

d. Recrystallization temperature:, effect of annealing temperature on recrysta)hlza-
tion and hardness of sheet material( 3 )

1- Hour Annealing
Temperat'tre, Rec rystallization, Hardness,

F per cent VHN

As received(a) 0 273
2400 0 281
2500 0 294
2600 q;5 188
2700 100 182

(a) Suess relieved 1 hour at 2200 F.

Figure A-85
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- Hour Annealing Temperature, C

1300 1400 1500 1600

80

CE

cr

20

UJ

2200 2400 2=0 2800 3 0(0

I- Hour Annealing Temperature, F A-359T/7

FIGURE A-85. EFFECT OF ANNEALING TEMPERATURE ON THE
RECRYSTALL1I-ATION BEHAVIOR OF Mo-0. 5 Zr(4)
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Mo-O. 5Ti

1. Identification of Material

a. Designation: many, depending t',yon individual supplier

b. Chemical composition: Tables A-42 and A-43

c. Forms available: billets, forgings, strip, sheet, foil, plate, bar, rod, and
wire(1-4)
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TABLE A-42. ClIEMICAL REQUIREMENTS FOR Mo-0.5Ti PRODUCTS

AS PRODUCED BY ARC-CASTING TECHN1IQUES(aXI-
4

)

Element Content. Maximum, weight per cent

C 0.010-0.040
0 0.0030
N 0.0010
Fe A -
Ni 0.010
Si 0.010
Ti 0.40-0.65
Mo 99.35 mm

(a) For forgings. billets for reforgMg, strip, sheet, foil, plate. bat, rod.
and vire.

TABLE A-43 REPRESENTATIVE ANALYSES Of Mo-0. STi AS PRODUCED BY VARIOUS SUPPLIERS

Content•, Muimur. weight per cent
Arc C_.as Povder Metalluwjy

Element Chmax(i)(5. Q Unersal Cyclops(b)(7-10) Sylvania(C)( 11)

Al -- 0.002 0.00.0
C 0 01-0.04 0.01-0.040 0.02-0.04
Ca -. 0.002 0.0010
Co -- 0.002 -.Cr -- 0.004 0.00s0
Cu -o 0.002 0.0010
Fe 0.010 0.010 0.OOSO
H 0.0005 0.001 <0.0010 t'yp
K -- 0.001
Pb -- 0.002 0.0010
Mg -. 0.002 0.0010
Mn -- 0.002 0.0010
Mo 99.35 mm 99.34 mrin 99.36 nin
Na -- 0.001
N 0.002 0.001 0

.0050typ
Ni 0.002 0.002 0.0050
0 0.0025 0.003 0. 0100 tyn
Si 0.008 0.020 0. 0050
Sn -- O.nA4 0.050
Ti 0.40-0.55 0.40-0.550 0.45-0.65
W .. 0.002 .
Zr -. 0.002 ..

(a) For forging billets and wrought bars.
(b) For billets. bar. plate, and sheet.
(c) Fo billets.
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2 Physical Properties

a. Melting point: -4730 F (essentially the same as that for unalloyed molybdenum)

b. Density: 0. 367 lb/in. 3 (calculated)

c. Thermal expansion: Table A-44

d. Thermal conductivity: Table A-45
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TABLE A-44. MEAN UNEAR THERMAL-EXPANSION COEFFICIENT
OF Mo-0. srT(

12
)

Temperature Range, Mean Coeffic.ent of

F Thermal Expandion. 10"
6
/F

68-212 3.06
68-392 3.06
68-572 3.09

68-752 3.14
68-932 3.19
68-1112 3.24
63-1292 3.28
63-1472 3.32
68-1652 3.36
68-1832 3.41

TABLE A-45. INTERPOLATED rHER1%AAL-GONDI". XI
FOR Mo-0. 5Ti(

1 2
)

T1,
Temperature, F

68

212

392

572
762

932 7
1112 63.67
1292 63.57
1472 62.99
1652 62.41
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-46 through A-53
Figures A-86 and A-87

Tensile yield strength: Tables A-46 through A-53
Figure A-87

Elongation: Tables A-46 through A-53
Figures A-86 and A-87

Reduction in area: Table A-53
Figure A-86

Modulus of elasticity: 46 x 106 psi(2 3 )

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-54 through A-
Figures A-88 through A-94

Tensile yield strength: Tables A-54 through A-56
Figures A-88 and A-89 and A-91 through A-94

Elongation: Tables A-54 through A-56
Figures A-88 through A-91 and A-94

Reduction in area: Table A-54

Figures A-88 through A-90

Modulus of elasticity: Tables A-54 and A-57

c. Notched Tensile Properties

Figures A-95 through A-103

d. Creep and Stress-Rupture Properties

Tables A-58 through A-63
Figures A-104 through A-106

e. Other Selected Mechanical Properties

Hardness: Table A-64
Figure A-107

Bend ductility: Tables A-65 and A-66
Figure A-108

Compressive btrength: Tables A-67 and A-68



A-124

Shear strength: data at room temperature and 1600 F have been determined
for fastener material(39)

Shear Strength,Type Diameter, 1000 psiFastener inch RT 1600 F

Cr coated rivet 0. 136 57.5 50.0
58.0 49.0

Table A-69

Fatigue strength: Figure A-109
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TABLE A-46. TENSILE-PROPERTY REQUIREMENTS FOR ARC-CAST Mo-0.STM ROUND RODS(a)(4)

Minimum Yield Minimum
Minimum Tensile Strength (0.2% Elongation in i

Condition Diameter, inches Strength, 1000 psi Offset), 1000 psi Inch, per cent

Stress relieved 3/16 to 7/8, el. 105 90 10
Over 7/8 to 1-1/8 100 85 8
Over 1-1/8 to 1-7/8 90 75 .5

Over 1-7/8 to 2-7/8 80 70 4
Over 2-7/8 to 3-1/2 75 65 3

Rcctystaliized Under 2 70 40 13
2 to 3-1/2 65 30 8

(.I) Properues shall be determined using a test rate of 0. 002 to 0. 005 inch per inch Der minute through 0. 0 per cent offset, then
0.02 to U.u u inch pcr inch per minute to fracture.

I ABLE A-47. TENSILE-PROPERTY REQUIREMENrS FOR ARC-CAST Mo-O. 5Ti STRIP. SHEE'I, iOIL, AND PLATE(aX3)

Minimum Elongation in 2 Inches. per cent
Specimens

Minimum Yield !qual to or Less Specimens

"I enmlc-Strength Strength (0.2'1o Than 0. 020 In. Greater Than
Range, 1000 psi Offset, 1000 psi Thick 0.020 In. Thick

70- W0 ,5 5 10
100-130 80 5 7
1JO- 160 100 4 5
160-190 120 2 5

(a) Properties shall be determined using a test rate of 0. 002 to 0. 005 Inch per inch per minute through 0. 6 per cent offset, then
0.12 o 0.0 inch per inch per minute to fracture.
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TABLE A-48. TYPICAL A)OM-TEMPERATURE TENSILE DATA FOR ARC-CAST STRESS-RELIW'ED Mo-O.STi ROUND
BAR PRODUCED BY CUJIAX(aXI 3

)

Average Tenuile Average Yield Strength Average Elongation in

Diameter. inches Strength. 1000 psi (O.2%.Offset). 1000 psi 1 Inch. per cent

1/2 110 106 29

6/8 116 116 26

3/4 115 102 25

7/8 123 108 28

1 116 97 23

1-1/8 109 95 15

1-1/2 103 91 20

2 96 84 20

2-1/4 92 80 1i

2-3/8 92 82 15

2-1/2 90 80 9

3 89 79 15

(a) Cold Water Production Facility. All data from 6-inch-diameter arc-cast ingots covering a 3-year pesiod. Matenal stress
relieved 1/4 to 1-1/2 hours at 2000 to 2160 F. Test rate 0.002 inch per inch per minute in the elastic range, then
U. 05 inch per inch per minute to fracture.



A-127

TABLEU -4. 4. OM oTELIPEATURE TEMSU4ESIPK IflUS OF LNIVEDSAL CYCLOIS
ARC-CAST Mo-0. Sri PLATE AND SHEET PEDUCTS('XP-. JM

Promwny Minimum Typical

Plate, Over 3/16 Inch o 1l2 Inch

Tensile Strength, 1000 psi 100 !.0
Yield Strength (0.2IOffhet). 1000 psi 90 100
Elon•ation In 2 Inchet. per cent 4 8

Plate, Over 1/2 Inch to 1-1/2 Inches

Tensile Suenmph. 1000 pal 95 106
Yield Strengh (0.2%Otflit). 1000 pI 8hf
Elongation In 2 Inches, per cent 3 £

Sheet, 0.020 Inch and Under

Tensile StrenAth. 1000 pai 110 125
Yield Strength (0.'V*Offsct). 1000 psi 100 11
Elongation n2 Inches. per cent 6 8

Sheet. Over 0.0M0 Inch

Tensile Strength. 1000 pd 106 130
Yield Sttogth (0.2%pOff1et, 30 psJ 96 120
Elongation in 2 lnces, per cent 1 10

(a) Test rate 0.05 inch per inch per ninute crosahead speed.

TABLE A--. R)OM-TUIPERATURE TEJ5ENILE P~WEROM S Of SYLVANIA POWDER META LLUV Y

Mo-0. ITI SHEET (0.040 INCII("11)

Te.,Ile Strength. Yinld Strnglt

Co~athn 000 F4i (0.21POffset). JoOO psi giengade. pet CCU

As Ploled 150 140 1

ftecqKaIUzCd So d? 32
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TABLE A-51. STATISTICAL EVALUATION Or THE ROOM-TEMPER..TURE TENSILE PROPERTIES OF
ARC-CAST Mo-0.5Ti SHEET SUPPLIED BY UNIVERSAL CYCLOPS(aXI

4
)

No. of ArithmeticMean. Standard Deviation From the MeanGaie. No. of Speciins. Grain 3, Deviation. Property Indicatedinch SheetF n Direction - a • •a(b) 1 2-o(c) 3 i 3u(d)

Tensile Strength. 1000 psi

0.012 43 43 Long. 129.1 7,6 121.5-136.6 113.9-144.2 106.4-151.7
85 Trans. 139.0 8.8 130.2-147.8 121.4-15b.6 112.6-165.4

0.020 18 18 Long. 127.9 2,4 125.5-130.3 123. 1-132.7 120.7-135 1
36 Trans. 132.7 4.4 128.3-137.1 123.9-141.5 119.5-145.9

0.030 30 30 Long. 135.4 5.4 130.0-140.8 124,6-146. 119.2-15.6
60 Trans. 142.1 6.1 136.0-148.2 129,9-154.3 123.8-160.4

0.040 11 II Long. 129.7 2.6 127.1-132.3 124.5-134.9 121.9-137,b
22 Trans. 136.6 3.7 132.8-140.2 129. 1-143.9 125.4-147.6

0.0bO 21 21 Long. 132.1 3.4 128.7-135.5 125.3-138.9 121.9-142.3
39 Trans. 129.0 3.7 135.3-142.7 131.6-146.4 127.9-150.]

Yield Strength (0. 2. Offset). 1000 psi

nO!2 43 4 3 Luig. 114.4 8.0 106.4-122.4 98.4-130.4 90.4-138.485 Trans. 124.8 9.6 115.2-134,9 105.6-144.0 96.0-153.6

0.020 18 18 Long. 113.8 2.8 111.0-116.6 108.2 119.4 105.4-122.2
J6 Trans. 121.0 5.0 11-6.0-126.0 Jll.0-131.0 106.0-136,0

9.030 30 30 Long. 119.3 6.0 113.3 125.3 107.3-181.3 101.3-137.3
60 irans. 127.3 5.5 122.4-133.2 117.0-138.6 111.6-144. 0

0.040 11 11 Long. 110.5 1.8 114.7-118.3 112.9-120.1 111.1-121.9
212 Trans. W4.9 2.5 122.4-127.4 1)9.9-1",9 9 117.4-132.4

0.050 21 21 Long, 117.2 4.9 112.3-122.1 107.4-127.0 102.5-131.9
" "" Trans. 127.9 4.8 123.1-1.2,7 118.3-137.5 113.5-142.3

Elongation in 2 Inches. rer cent

0.0 1 4i 43 Lone. 10.6 2.7 7.9- 1j.s 5.2-16.0 3.5-8. 7
85 Trans. 6.9 2.j 4.6-O.2 Z.3-11.5 0. 0-1:1.8

00'.0'0 Is Is Long. 15.2 1.9 13.3-17.1 11.4-19.0 9.4-20.9:16 Trans. 11. 2.2 9.4-1,.8 7.2-16.0 5.0-18.2

0.030 30 30 Long. 131.0 2." 10.7-15.3 8.4-17,6 6. 1-19.9
60 Trans. 10.2 2.5 '.7-1.2.7 5.2-15.2 2.7-17.7

0.040 11 l Long. 16.1 1.: 14.8-17.4 13.5-18.7 12.2-20.022 Trans. 11.6 1.4 10.2- 11.0 8.8-14.4 7.4-15.8

o.o*n '1 21 Lonig. 16.2 1.5 14.7-17.7 13.2-19.2 11.7-20.7
3q Trans. 11.3 1.5 10.0-132.0 8.5-14.5 7.0-16.0

Footnotes appear on the following page.
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Footnotes for Table A-51:

(a) Test rate 0.005 0.,02 inch per inch per minute to 0.6 per cent offset. Licn 0. 1 i 0. U i trLh pet aiL., pr minute to

fract~ue. Chemical anal)ses 0.31-0.304 Ti. 0.01!-0.035%C (70% were below 0.0 25% C. 0. 0004% H max, and

0.0011% N. The following dcfinitions apply:

n ý The number of specimens tested

x = The tensile strength. )ield strengt!l. or elongation of each specimen tested

-== one standard deviation.
n

(b) The tensile strengh, yield strength, or elongation of 68 per cent of the specimens tested ties within th. range of

'lA .
(c) The tensile strength, yield strength, or elongation of 95 per cent -f the specimen tested lies within the range of

R I 2O.

(d) The tensile strength, yield strength, or elongation of 99.7 per cent of the specimens tested lies within the range of

R 1 3a.
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TABLE A-52. STATISTICAL EVALUATION OF THE ROOM-TEMPERATURE TENSILE PROPERTIES OF
ARC-CAST Mo-0.STi SHEET SUPPLIED BY FANSTEEL(aX1

4
)

No. of Aritlm,etic Standard Deviation From the Mean

Gage. No. of Specimens. Grain Mean, Deviation, Property Indicated

inch Sheets n Direction x = 0 t, (b) x 2 ,(c) 3

Tensile Strength. 1000 psi

0.012 42 42 Long. 109.1 21.0 86.1-130.1 67.1-161.1 46.1-172.1

84 Trans. 119.4 26.5 92.9-145.9 66.4.172.4 39.9-198.9

0.020 6 6 Long. 143.2 3.8 139.4-147.0 135.6-150.8 131.s-154.6
12 Trans. 155.4 5.6 149.8-161.0 144.2-166.6 138.6-172.2

0.030 21 21 tong. 128.1 5.1 123.0-133.2 117.9-138.3 112.8-143.4
42 Trans. 140.8 3.8 137.0-144.6 133.2-148.4 129.4-152.2

0.040 17 17 Long. 129.3 1.1 1,8.2-130.4 127.1-131.5 126.0-132.6

34 Trans. 127.3 3.5 135.9-140.5 133.6-14-L.8 131.3-145.1

0.050 13 13 Long. 130.7 4.8 125.9-135.5 121. 1-140.3 116.3-145.1

26 Trans. 138.8 5.1 133.7- 43.9 128.6-149.0 123.5-154.1

Yield Strength (0.2% Offset), 1000 psi

0.012 42 42 Long. 84.2 24.4 59.8-108.6 35.3-133.0 10.9-157.5
84 Trans. 08.9 31.6 67.5-130.3 36.1-193.1 4.7-224.5

0.020 6 6 Long. 126.2 4.1 122. 1-130.3 118.0-134.4 113.9-138.5
12 Trans. 141.9 6.3 135.6-148.2 129.3-154.5 123.0-160.8

0.030 21 21 Long. 117.1 10.3 106.8-127.4 96.5-137.7 86.2-148.0
42 Trans. 132.1 5.0 127.1-137.1 122.1-142.1 1h7.1-147.1

0.040 17 17 Long. 114.3 2.2 112.1-116.5 109.9-118.7 107.7-120.9

34 Trans. 127.8 3.5 124.3-131.3 120.8-134.8 117.3-138.3

0.050 !3 13 Long. 113.6 6.1 107.5-119.7 101.4-125.8 95.3-131.9
26 Trans. 125.8 5.3 120.5-131.1 115.2-136.4 10q.9-141.7

Elongation in 2 Inches. per cent

0.f12 4ý 42 Long. 15.9 6.7 9.2-22.6 2.o-29.3 0.0-36.0
84 Trans. 14.3 7.8 6.5-22.1 0.0-29.9 0.0-37.7

0.020 6 6 Long. 11.6 1.5 10.1-13.1 8.6-14.6 7.1-16.1

12 Trans. 6.b. 1.9 4.7-8.5 2.8-10.4 0.9-12.3

0.030 21 21 Long. 12.0 1.6 10.4-13.6 8.8-15.2 7.2-16.8
42 Trans. 9.5 1.5 8.U-11.0 6.5-12.5 5.0-14.0

0.040 17 17 Long. 14.6 1.1 13.5-15.7 12.4-16.8 11.3-17.9

34 Trans. 10.(6 1.7 8.9-12.3 ?.2-14.0 5.5-15.7

0.050 13 13 Long. 16.9 4.8 12. 1-21.7 7.3-26.5 2.5-31.?
26 Trans. 12.4 4.4 8.0-16.8 3.6-21.2 0.0-25.6

Footnotcs appear on the following page.
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Footnotes for Table A-52:

(a) Test ratu 0. 00C 1 0. 002 inrh per inch per minute to 0.6 per cent offset, then 0. 1 1 0.02 inch per inch per minute to
fracture. Chemical analyses 0.u9-0.54%Ti, 0.002-0.042;C (84% were below 0.025% C). 0.0007%H max.
0. 0187% 0 max, and 0. 00251 N, The following definitions apply:

n = the number of specimens tested

x = the tensile strength. yield strength. oi elongation of each specimen tested

o = •/ 2 = une standard deviation.

(b) The tensi:e strength, yield strength. or elongation of 6S per cent of the specimens tested lici .ithin the range of

(c) The tensile strength, yield strength, or elongation of 95 per cent of the specimens tested lies within the range ofSi j2a.
(d) The tensile strength, yield strength, or elongadion of 99.7 per cent of the .pecimens tested lies within the range of

S* 3 a.
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TABLE A-53. SOME SELECTED ROOM-TE1PERATURE TD4SI'E

PROPERTIES OF MO-0.STi ROD. B.AR. AND bHEET

Tensile Yield Strength
Strength. (0. f, Offset). Elongation. Reduction in

Condition 1000 psi 1000 psi per cent Area. per cent Reference

Rod and Bar

Rod (0.375 :-rch)
0Krex 114.6 92.4 3r. 3 38.8 (15)
5.1%, rex 104.9 85.1 37.3 62.5 (15)
34.rý' rex 94.1 V. 7 35.3 49.4 (15I
46.35 rex 86.6 55.5 46.0 55.8 (15)
63.5%rox 82.9 51.6 40.0 42.o (15)
74.41p rex 81.7 49.2 41.3 66.6 (15)
97.65 rex 74.4 48.6 - . (15)
100b rex 74.4 53.1 49.3 38.5 (15)

Rod (ro:;ed 2250 F. 0.375 inch)
As rolled, forged 1800 F 105.3 94.5 --.. (15)
As rolled, forged 2100 F 111.5 94. 1 .... (15)
As rolled, forged 2400 F 95.5 89.6 -- - (15)
9fl.z ex. forged 1800 F 91.4 76.R -- A (15)
59%rcx. forged 2100 F 93.2 92.6 .... (13)
50r rex. forged 2400 F 96.5 34.2 .... (15)
i0W rex, forged 1800 F 84.8 78.6 .... (15)
10 ,rex, forged 2100 F 86.5 83.3 .... (15)
100' rex, forged 2400 F 90.0 88.9 .... (15)

Rod (rolled 2400 F. 0.375 i.ch)
As rolled, forged 1806 F 107.8 93.• .... (15)
As rolled. forged 2100 F 106.0 91.7 (15)

As rolled, forged 2400 F 92.4 ...... (15)
50T6rex. forged 1800 P 90.0 81.4 .. (15)
50'jrex. forged 2100 F 94.8 81.; .. (1-)
54- rex. forged '2400 F 92.9 88.2" .. (15)
I0• rex. forged 1800 F 84.3 71.6 C... (15)
100 rex. forged 2100 F 08.4 $2.3 .. (15)
100- rex. forged C400 F 89.9 38.1 .... (15)

Rod (0.37, inch)
Rolled 6. 2Mat 1800 F 77.7 57.0 3.1 . (15)
Rolled 17. 1%at 1800 r 81.8 68.1 '30.0 30.: (15)
Rolled 33. R8 at 1800 F 89. 1 75.9 24.0 28.7 (15)
Rolled 81.9,at 1880 F 113.8 101.3 28.7 43.4 (15)

Rollea 7.21. at 1I10 r 79.6 69.5 32.0 27.7 (15)
Rolled 17.3M.at 100 F 83.0 71.1 28.7 28.7 (15)
Rolled 81.3% at 2100 F 109. 92. 5 12.'7 3%. 7 (15)

Rolled G.7 ,at 2400 F 78.5 70. 2 :34.0 2.0 (15)
Rolled 17. 1%at C400 F 86.9 75.C 16.0 25.5 (15)
R.oled 8

2
.

2
%at 2400 F 97.C 80.8 37.31 44.8 (15)

Rccs'alhzed rod (7/16 inchia) 91 91 ,$ 31.2 (16)
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TABLE A-53. (Continued)

Tensile Yield Strength

Strength, (J. -,% Offset), Elongatucn, Reduction in

Condition 1000 psi 1000 psi per cent Area. per cent Reference

Rod and Biar (Continued)

Bar (1/2 inch square)
Rolled 16. 1%at 1800 F 81.2 65.7 38 31.7 (17)
Rolled 47.67o at 1800 F 99.7 87.0 37 66.4 (17)

Rolled 4.7% at 22200 F 77.1 ,C). 5 45 43.1 (17)

Rolled 8.3% at 2200 F '8.9 06.1 42 33.9 (17)

Rolled .:.3% at 2200 F 78.9 67.8 34 31.2 (17)

Roll- 17.51 at 2200 F 84., '10.7 40 35.9 (17)

Rolled 27.2-1 at 2200 F 87.9 73.2 39 39.3 (17)

Rolled 414.0% at 2200 r 102.2 92.25 5 37.8 (17)

Rolled 79. ,3% at 2200 F 114.4 103.9 34 66.6 (17)

Stress-elieved rod (5/8 inch)(h) 112.9 103.4 36 62.1 (18)

111.4 104.6 39 66 (.8)

As rol ed rod (3/8 inch) 101.85 101.85 16.7 20.4 (10)

103.25 103.25 21.7 26.7 (17)

Rod (4/8 inch)(c)

As rolled 120.3 8 7 .9(d) 33 66.4 (19)
Stress relieved 119 87. 6 (d) :36 65.5 (19)

Recrystallized 77.5 6 3 . 7 (d) 36 :34.6 (19)

As rolled 112.9 9 6. 7 (d) 29 59.7 (18)

S'rcSs relieved 132.q1 99 I(d) 31 70 (1)

Sheet

Stcss-ehlieved sheet (0.06', inch)(c) 126. 1 108.2 21 37.2 (16)

129.4 106.8 22 38.4 (16)

Recr% stall ,ed sheet (0.0635 inchf) 84.9 84.9 58 6,.5 (16)

89.5 03.5 46 60.4 (16)

Rccrysralth7ed shcee(e)
As-relied surface 126.6 IL) 125.2 (L) 0.24 (L) - (20)

117.1 (T) 110.4 (T) 0.88(1) -- (20)
116.7 (T) 108.7 (T) 0.88 (T) -- (20)

surlace gronid 13"2. (L.) 124.4 (L) 4.1 (L) - (20)

135 (L) 125 (L) G.2 (1.) -- (20)

120 (T) 101). 7•(T) 14.8(l) - (20)
119). L (T) 106. 2 (T) 12 (T) .- (20)

shvc.' (I/ It, inch)

As rolhid. 272 VIIN(Q 31.0. (L) 71.4 (L.) 10 (1.) (21)

110.:h (T) 86;.1 (T) 8 (T) (21)

o'-ess reliwd, 2160 VIIN(
0

Sr. n A 1 (21)
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T^BLE A-53. (Uonu:nued)

Tensile Yield Strength
Strength, (0. 2% Offset), Elongation. Reduction in

Condition 1000 psi 1000 psi per cent Area, per cent Reference

Sheet (Continued)

Sheet (1/16 inch) (Continued)

Recrystallized, 194 VHiN(
0  

81 (L) 68 (L) 28 (L) -- (21)
66 (T) 58. 5 (T) 3 (T) - (21)

As rolled, 309 VHN(g) 135.1 107.3 13 -- (21)
Stress relieved. J00 VHN(g) 114.1 90.2 16 -- (21)
Recrystallized, 197 VHN(g) 74 52 34 -- (21)

As roiled. 302 VHN(h) 125.9 (L) 115.9 (L) I(L) -- (2.)
126.4 (T) 121.3 (T) 0.5 (T) -- (21)

Stress relieved, 285 VHN(b) 97.5 (L) 96.4 (L) 1 (L) -- (21)
122. 1 (T) 116.5 (T) 1 (T) -- (21)

Recrystallized, 192 VHN(b) 58.5 (L) 57.9 (L) 0.5 (L) -- (21)
55.8 (T) 55.8 (T) 0.5 (T) -- (21)

As rolled, 264 VIN(b) 101.4 (L) 80.G 1 -- (21)
tsi. b ( 1.) - 0 -- (21)

Stress relieved, 247 VHNO() 73.0 (T) - 0 (T) - - (21)

Recrystallized, 193 VHN(i) 36.7 (L) -- 0 (L) - (21)
48.9 (T) 43.8 (T) 1 (T) -- (Zi)

(a) 0.46% Ti and 0.012% C.
(b) 0.46% ri and 0.023% C.
(c) 0.46% Ti and 0.021% C.
(d) 0. 1 per cent offset.
(e) 0.4'%Ti and 0. 02% C.
(f) 0. 0231o C.
(g) 0.019%C.
(h) 0.046% C.

0i) 0.047% C.
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TABLE A-54. EFFECT 01 rEMIt.eATURE AND STRAIN RATE ON THE TENSILE PROPERTIES or

RECRYSTALLIZED ARC-CAST Mo-0.5Ti BAR AND SHEET IN ARGON(aX
2 4

)

Tensile Yield Strength Elongation in Modulus of
TLn.peratnre., Sram Rate, Stength. (0. 2110 Offset), 2 Inches, Elasticity.

F in. ian. /min 1000 psi 1000 psi per cent 106 psi

Bar, 3/8-Inch Diameter

RT 0.002 77.1 6 5 .0/ 5 4 .1 (b) 34.0 55.'1
0.2 80.0 7 1.5/68. 5 (b) 35.5 17.9

1100 0.002 39.2 15.5 38.8 13.0

0.2 33.8 -- 44.5 --

2100 3(.002 22.0 13.2 22.0 12.5

0.2 31.3 -- 30.0 --

2600 0.002 13.8 10.2 21.8 15.0

0.2 11.5 9.1 22.0 14.6

3000 0.002 4.24 -- 0

0.2 6.76 4.26 25.5 2.12

Sheet, 0. 060 Inch

RT 0.002 76.9 61. 5/47. 4(b) 43.4

0.2 78.5 68.4/7.S(b) 20.0 43.

1200 0.002 37.1 12.95 30.0 22.8
0.2 35,0 9.32 30.2 19.0

2100 0.002 31.u 13.6 12.5 23.8
0.2 ( ý.2 13.18 ',i.i 19.0

2600 0.002 2, 227 l.'02 11.0 10.2

0.2 1C.. 32 9,. 10 j3,5 6.9

3000 0.00, 2.84 -- 12.0

0.2 5.20 -- 16.2

(a) Recrystallized 35 minutes at 2900 F. ASTM C.
(b) Upper yield strength/lower yield strength.

TABI E A-55. EFFECT OF TEVMPEATURF ON THE TENSILE PROPERTIES OF AS-ROLLED
POWDER-METALLURGY Moo0.5Ti SHEET (0.040 INCII it)

Tensi le Yield Strength
Tc;npcra,;.c, St-mngth. (0. 2% Offset), Elongation,

F 1. 0 psi 10OO psi per cent

RT 150 M40 7
2000 7S bl 10
SzO0 55 38 10

2400 28 21 20
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rntn A-56. EFFECT OF TEMPERATURE ON SOME SLLECTEI) TENSILE
PROPERTIES OF Mo-0.o5T ROD. BAP, AND SHEET

Tensile Yield Strength Reduction
Temperature. Strength, (0. 2% Offset). El 7ngation. in Area.

Condition F 1100 psi 1000 psi per cent per cent Reference

Rod and Bar

Rod (71/16 inch)(a)
Stress relieved -165 190.3 193.3 (:6)

-165 184.6 184.6 .... (16)

Recrysttall.zed -105 120 120 -- 0 (1)
-105 121.9 121.9 -- 0 (13)

Stress relieved -75 1,7.4 157.4 26 69 (16)
-75 1i4 153.5 21 64.6 (16)

Stress relieved 32 .36.2 134.6 25 67.8 (16)
32 137.2 134.2 22 69 (16)

Recrystallized 32 103 L03 -- 10.3 (16)

Rod (7/16 nch)(a)
Stress relieved 212 107.6 104 34 77.4 (16)

2!2 j 05. 6 104. 2 27 79.1l (16)

Recrystallized 212 71.5 71.5 -- 30.5 (16)
212 66.3 66.3 33 34.6 (16)

As-rolled rod (3/8 inch) JO0 73.9 69.6 25.6 61.4 (25)
300 73.35 68.75 29.S 6b.9 (25)

Recrystall•zed rod (7/16 inchia) 570 49.7 45.5 49 85 (161

Rod (3/8 inch)
As rolled 57v 67.45 65.1 29 74.7 (17)

570 67.9 65.5 25.6 78.7 (17)
750 100.4 78.90b) 'A 76.1 (18)

Stress relieved 750 110.0 89(b) 18 72.8 (18)

Recrystallized 750 45.6 30.2(b) 47 26.4 (17)

Rod (I inch)
A.,% r!C2d 1)0 90.8 1- 16 75.5 (17)
Stress relieved 750 90.7 71. 4b) 17 73.5 (17)
Rucrysullized 750 42.4 16.8(b) 45 83.9 (17)

As-rolld rod (3/8 inch) 930 62.65 61.5 22.7 84.2 (25)
93^ 61.1 60 24 82.7 (25)

1110 65.4 65.25 20.4 82.1 (25)

1110 57.5 55.05 26.3 84.6 (25)

Rod (S/0 Inch)
As tolled 1200 101.3 P0.6(b) 18 82.6 (18)
Stries relieved 1200 100.S 8 4 (b) 17 74.1 (18)
Recrystallized 1200 43.7 .- 45 86.2 (18)
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TABLE A-56. (Continued)

Tensile Yield Strength Reduction
Temperature, Strength, (0. 2% Offset). Elongation, in Area,

Condition F 1000 pui 100o psi per cent per cent Reference

Rod and Bar (Continued)

Rod (I inch)
As rolled 1200 84.9 68 . 3(b) 15.5 74.5 (26)
Stress relieved 1200 84.7 62 .6(b) 16 71.9 (26)
Recrystallized 1200 39.2 10 . 3(b) 42.5 87.7 (26)

Rod (5/8 inch)
As rolled 1600 si.3 55 . 5(b) 1' 79.6 (17)
Stress relieved 1600 83.2 54.5 18 76 (17)
Recmystallizcd 1600 39.6 13.9 50 89.9 (17)

Rod (1 inch)
As rolled 1600 78.4 64 . 8(b) 15.5 75 (17)
Stress relieved 1600 77.7 62 . 8(b) 16 75.7 (17)
Recrystallized 1600 37.5 14 . 5(b) 48.5 87.6 (17)

Rod (0.300 inch)
0% rex 1800 G8.9 -- 18.0 81.0 (15)
5. 1o5rex 1800 61.2 18.7 87.9 (15)
39.9% rex 1800 46.1 -- 26.7 91.0 (15)
46.3%rex 1800 39.4 -- 31.3 91.4 (15)
63.5%rex 1800 36.2 -- 39.3 89.3 (15)
74.4% rex 1800 35.5 -- 48.7 91.8 (15)
97.60o rex 1800 32.1 -- 60.7 93.8 (15)
1 000b rex 1800 30.7 -- 56.7 86.0 (15)

Rolled 6.2M. 1800 F 1800 35.8 53.5 92.4 (15)
Rolled 17.1%. 1800 F 1800 41.5 32.7 89.9 (15)
Rolled 33.8%. 1800 F 1800 48.4 C22.0 88.4 (15)
Rolled 81.9%5 1800 F 1800 65.0 -- 24.7 87.0 (15)

Rolled 7.2%. 2100 F 1800 35.0 -- 50.0 91.9 (15)
Rol~ed 17.3%, 2100 F 1800 42.1 -- 32.7 91.7 (15)
Rolled 81.3% 2100 F 1800 65.1 -- 25.3 83.5 (15)

Rolled 6.1'%, 2400 F 1800 3U.3 33.3 91.6 (15)
Rolled 17.1%. °2400 F 1800 43.7 -- 30.0 90.6 (15)
Rolled 82.2%. 2400 F 1800 53.5 -- 5.3 88.3 (15)

Rod (rolled 2250 F. 0.375 inch)
As rolled, forged 1800 F 1800 64.6 -.. -- (15)

As rolled, forged 2100 F 1800 67.8 ...... (15)

At rolled, forged 2400 F 1800 46.0 ...... (15)
50Wrex, forged 1800 F 1800 43.7 ... (15)
50%rex. forged 2100 F 1800 43.4 ...... (15)

5016 rex. forged 2400 F 1800 40.9 ..-... (15)

100% rex, forged 1800 F 1800 36.8 .-.... (15)

100% rex, forged 2100 F 1800 39.0 -- - -- (15)

10016 rLx. forged 2400 F 1800 39.9 ... (15)
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TABLE A-56. (Continued)

Teisile Yield Strength Reduction

Teme'rature, Stscigth, (0.216 Offset), Elongation. in Area.

Condition r 1000 psi 1000 psi per cent per cent Reference

Rod and Bar (Continued)

Rod (rolled 2400 F. 0.375 incl.)

As rolled, forged 1800 F 1800 63.7 ..... (15)

As rolled, forged 2100 F 1800 62.8 ...... (15)

As rolled, forged 2400 F 1800 41.2 .... (15)
50%rex, forged 1800 F 1800 3b.8 ..... (15)
60%rex, forged 2100 F 1800 39.7 ...... (15)
50%rex, forged 2400 F 1800 42.6 ..... (15)
100% rex, forged 1300 F 1800 34.4 ...... (15)

100% rex, forged 2100 F 1800 37.0 ...... (15)

100% rex. forged 2400 F 1800 38.1 ..-- . (15)

Rod (1/4 inchtic)
As rolled 1800 81.3 55.5 18 79.6 (21)
Stress relieved 1800 83.2 54.5 1i 76.0 (21)
Recrystah;A.d 1800 39.6 13.9 ý0 89.9 (.!)

Rod (5/8 inch)(d)

Stress relieved 1800 67.8 67.3 20 79.5 (17)
Stres- relieved 1800 67.2 60.1 18 79.2 (17)
Stress relieved 800 64.6 .... (27)
Stress relieved 1800 67.8 .. (27)
Stress rejieved 1800 46.0 ...... (27)

50% rex 1800 4*.7 (27)
50% rex 1800 4;.4 ...... (27)
50%,. rex 1800 40.9 ...... (27)

tKecrystallized 1800 34.4 -- -- - - (27)
Recrystallized 1800 37 ...... (27)

Recrystallized 1800 I8.1 ...... (27)

Stress relieved 2000 58.7 50.5 15 88.1 (17)

2000 60.0 93.7 18 81.1 (17)

Strst relieved 2400 18.6 8.5 70 04.6 (17)

2400 18.3 8.4 61 94.6 (17)

Rod (1/4 inch)(c)

Stress relieved 2400 20.0 9.9 71 97.:i (21)
Recrystallized 2400 20.0 11.8 7T 95.3 (21)

Bar (1/2 inch)
Extruded, as rolled 2500 22.5 ...... (25)
Recrystallized(e) 2500 24.4 .... 75 (28)

Extruded. as rolled 2750 14.65 ..- -. (25)

Extruded, as tolled 3000 9.8 -- 56 -- (25)

Recrystallized(e) 30011 8.4 - --6 (28)

Rccrystallized(e) 3250 4. 15 -- 99 (28)
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TABLE A-56. (Continued)

Tensile Yield Strengti Reduction
Temperature Strength. (0. 2Q" Offsct), ElongAi.uh. in Area.

Condition F 1000 psi 1000 pui per cent per cent Reference

Rod and Baýr (Continued)

Extruded. as ro.led 3300 5.27 --.... (25)
3500 3.03 ....-- (25)

Recr)stallzeadU'I 3600 1.-65 .... 95 (28)

Extruded, as rolled 3700 '.60 ....-- (25)

Sheet

Sheet (0.065 inch)(a)

Strnss relitevj -390 203.2 ...... (16)
-390 203 ...... (16)

Sunss relieved -165 167.8 W7 1.8 -- 9.4 (16)

-165 162.1 160 -- 24,5 (16)

Recrystallized -165 130.9 130.9 - 0 (16)

-165 133.6 133.G 1- (16)

-140 119.2 119.2 0- o (W6)

Stress relieved -105 147.6 135.2 -- 35.5 (16)

-105 147.8 134.5 24 35 (16)

Recrystallized -105 111.9 111.9 -- 0 (16)

-105 111.2 111.2 -- 9.2 (16)

Stress relieved 390 109.2 97.8 -- 43.4 (16)
390 lW5.9 93.8 -- 43.9 (16)

ReenStallized 390 61 65 -- 69.5 (16)
390 58 58 -- 71.9 (16)
570 55.3 40.6 -- 69.5 (16)

Shtet (1/16 inch)(t

As relled 1800 66 (L) -- 6 (L) -- (21)

1800 74.3 (T) 44. 5 (T) - (T) -- (21)

Stress rflAIved 1800 63.4 (L) -- 6;(L) (21)
1800 74.8 (T) - 1(T) (21)

RtcrstalhzJ 1800 34.4 (L) 19.6 (L) 20 (L) -- (21)
1800 39.2 (T) 14.6 (T) 16 (T) -- (21)

Stress re IIved 0400 19.9 (L) 8.8(1) 8 (L) -- (21)
2400 20.7•(L) 10.8 (L) 11 (L) -- (21)
"2400 21.1 (T) 9. 9 (T) 28.5 (T) -- (21)

18.2 (T) 9.7 (T) .5 (T) -- (21)

rc.r)sialhzL.d 2400 17.6 (L) 9.4 (L) 30 (L) - (21)

2400 15.3 (I.) 5.9 (L) 27.5 (L) *- (21)

1;C0(' 16.7 (T) 7.3 (T) 30 (T) -- (21)

2400 16.9 (T) 11. 1 (T) 36 (T) -- (-1)
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TABLE A-56. (Continuec)

Tcnsi'e Yield Strength Reduction
Temperature Strength. (0. 2% Offset), Elongation, in Area.

Condition F 1000 psi 1000 psi per cent per cent Reference

Sheet (Continued)

Sheet
0.0 0 inch 2400 39.9 33.5 5 -( (29)

0.040 inch 2600 19.9 11.5 12 -- (29)
0. 060 rich 2600 16.2 11.4 10 -- (29)

0. 040 inch 2800 15 S.4 22 -- (29)
0. 060 inlc 2800 12.4 3.7 10 -- (29)

0. 040 inch 3000 9.8 5.7 30 -- (29)
0.060 inch 3000 10.8 6.7 20 -- (29)

(a) 0,46%Ti and 0.012% C.
(b) 0. 1 per cent offset.
(c) 0.460o' Ti a3d 0.021% C.
(d) 0.46% Ti and 0.023% C.
(e) 0.47% Ti and 0. 026% C.
(i) 0.046 to 0.04776C.
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TABLE A-57. EFFECT OF TEMPERATURE ON THE MODULUS OF ELASTICITY OF ARC-CAST Mo-O. MTi BAR(a)

Reference 32(b) Reference 24(c)

Modulhi of Strain Rate, Modulus of
Temperature, F Elasticity. 106 psi Temperature, F in./m./fmJn Elasticity. 100 psi

RT 37.1 RT 0.002 49.1

400 36.5 0.2 48.9

600 38.5 1200 0.002 35.5

8io :33. I 0.2 17.0

1000 33.7 2100 0.002 16.3

1200 32.2 0.2 23.6

1400 28.5 2600 0.002 18.7

10oo 29.9 0.2 39.2

1800 27.8 3000 0.002 5.5

2000 25.5

2200 16.9

2400 8. 55

(a) Data f.-om compressive tcns.
(b) From 3/4-inclh hot-cold-rolled strws-reclevcd bir. Test rate 0.05 inch per rtnu',, in argoih.

(c) 3/8-inch diameter bar recrystillizcd 35 minutes at 2900 F, ASTM o.
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FIGURE A-88. LOW-TEMPERATURE TENSILE PROPERTIES OF
AS-.ROLLED AND STRESS-RELIEVED Mo-0. 5Ti
BAR (5/8-INCH DIAMETER)(1
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Analysc, 0 46% Ti and 0.021% C.
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Rolled at 1800 F.
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FIGURE A-91. EFFECT OF STRAIN RATE ON THE ELEVATED-TEMPERATURE
TENSILE PROPERTIES OF ARC-CAST Mo-0. 5Ti BAR AND
SHEET(

3 0 )



A-147

5 0 -- 0 I

~0
0S0 0 0

4802 0 0,.

So -o- 1--
16 4 -QI )LegeW.

0 - T.mse str•ngth of one

-- 0 - -Teml sftfh (N)$I*

32
1700 I80 ow 2= 2200 2200 2300 2400

Sintenng Temperote, C

FIGURE A-92. EFFECT OF SINTERING TEMPERATURE ON THE TENSILE
STRENGTH OF SYLVANIA POWDER-METALLURGY Mo-
0. 5Ti SHEET (0.040 INCH) AT 2190 F( 3 1)

0.015 to 0.066% carbon.

-2

Y (102 % 0ffs et

FIGURE A-93. EFFECT OF CARBON CONTENT ON THE 1200 C STRENGTH
PROPERTIES OF SYLVANIA POWDER-METALLURGY
Mo-0.5Ti SI-IEET (0. 040 INCH) ROLLED FROM BILLETSSINTERE0 AT 1850 TO 2300 C( 3 1 )
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FIGURE A-9i. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF SYLVANIA POWDER-METALLURGY Mo-O. 5Ti SHEET
(0. 040 INCH)( 3 1 )
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FIGURE A-95. UNNOTCHED AND NOTCHED BAR AND SHEET TENSILE
TEST SPECIMENS USED TO OBTAIN DATA SHOWN IN
FIGURES A-96 THROUGH A-99

All dlime-nsons :are in inches.
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Temperature. F Temperature, F
-300 -O -1000 100 200 400 -300 -200 -00 0 O00 200 400

2w0 -7-10
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- ________ ~~~Ntched specimene~sI __________
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25 1002
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Temperature. C TempercOure, C a-3365

FIGURE A-96. TENSILE PROPERTIES FOR WROUGHT, STRESS-RELIEVED
ARC-MELTED Mo-0. 5Ti BAR (1/4 HR AT 1200 C;
HARDNESS 272 VHN)(1 6 )

Unnotchcd Notched Impurity Weight Per Cent
Crosshead Speed,

ir~ch per minute 0.02 0.005 C 0.012
0 <0. 0020

N 0.001
H 0.0006

Ti 0.5
Ta <0. z
W <0. 1

Others <0.06
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TemDeroture, F Temperoture. F
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FIGURZ A-q? TENSILE PROPERTIES FOR RECRYSTALLIZED
ARC-MELTED Mo-0. 5Ti BAR (114 HR AT 1400 C;
HARDNESS 201 VHN; ASTIr 8. 1)(16)

Unnotched Notched Impurity Weight Per Cent

Crosshead Speed,
inch per minute 0.0Z 0.005 C 0. ofz

0 -.0 00zo
N 0.00,
H 0.0006
Ti 0 5

Ta <0 2

w '0. 1
Others <0.06
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Temperoture, F Temperature, F-300 -200 -100 C 100 200 300 -300 -200 -too 0 t00 200 300*
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Temp5rature, C A335770

FIGURE A-98. TENSILE PROPERTIE~S FOR WROUGHT, STRESS-RELIEVED
ARC-MELTED Mo-O. 5Ti SHEET (AS RECEIVED, HARDNESS
467 V~iN)(12)

CrshedSp,.,, Unrnotched Notclica Im purity Weight Per C.-nt

inch per rninute 0.02 0, 005 C 0. 020
0 0 0042
N 0.001
H- 0.0(005
Ti 0 5
Ta <0. 2
W h0.01

Otiher,, 0.05
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Temperature, F Temperature, F
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FIGURE A-99. TENSILE PROPERTIES FOR RECRYSTALLIZED ARC-MELTED
Mo-0.5Ti SHEET (3/4 HR AT 1410 C;, HARDNESS 183 VHN.
ASTM 8.4)(12)

Unnotched Notched Impurity Weight Per Cent

Crosshead Speed,

inch per mi2nute 0.02 ,) 305 C 0. 020

) 0.0042

N 0.00;

H 0.0005

Ti 0 5

Ta 0 2
W 0.1

Others -0.05
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FIGURE A-100. UNNOTCHED AND NOTCHED BAR TENSILE TEST
SPECIMENS USED TO OBTAIN DATA SHOWN IN

FIGURES A-101 THROUGH A-103
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~ -~ OSRecrystolklzei4 rC44,IA1 gron /d

0 M 200 300 400

Test Teomewoture, C ý23

FIGURE A-102. EFFECT OF STRUCTURE ON NOTCH- UNNOTCH STRENGTH
RATIO OF ARC- CAST Mo- 0. 5Ti 13AR( 3 3)

Unnotched Notched Impurity PPM

Crosshead Speed, 0. 02 0. 005 C 260-290
inch per minute 0 1-78

N <10-40
H <1

100 ~e~lC.re~~(019 n1ýnra g,0td"
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02Q0 ioC 400
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FIGURL A- 103. EFFECT OF STRUCTURE ON\ THE UNNOTCHED AND NOTCHED
REDUCTION IN AREA OF ARC- CAST Mo- 0. 5Ti BAR( 3 3 )

Unnotched Notched Lrnpurit- PFM

Crosshead Speed, 0.0OZ 0. 005 C 260-290
inch per mint'te 0 1-78

N <10-40
H <1
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TABLE A-58. STRESS-RUPFURE 0.TA FOR STBFS-REUEVED AND RECRYSTALUZED Mo-i..6Ti SHEET

(1/ t6 INCH) AT 1800 F(34)

Cxrbow Content. Suess. 1000 pit, to Produce Rupture
weight per cent Cosdition 1 Hour 10 Houw 100 Hours

0.046 Sures relieved I hour 2000 F 67.6 529. 62.0
Rec:ystallhzed 1 hour 2400 F 32.5 30.0 27.5

0.047 Streus relieved I nour 20)0 F '62.0 -- --

Recrysl lhzcd I how. 2.0 F - 34.5 29.5

TABLE A-59. EFFECT OF PRIOR FABRICATION HISTORY ON 1HE CREEP AND STRESS-RIJPTURE PROPERTIES OF
MO-0. STi AT 1800 F(15)

Condition Forging Creep Rate. Rupture Reduction
Prior to Temperature. Suess, pet cent/ Time. Elongatiou. in Area.

Condito forging F 1000 psi hour host. per cent per cent

Varying strain hardcnin alsong As tolled 1800 S6.0 0.10 13.5 9.3 62.8
specimen gage length. tolle 1d00 61.0 - 1. cc) 0.7 --

at 2250 1% I'at teated. 2100 68.0 "- 6.9 11.5 82.2
forged 2100 61.0 0.056 45.3 10.6 77.4

2400 38.0 -- 8.8 10.4 89.4
2400 32.5 0.02! 234.3(c) 0.4 --

50% recryi- 1800 39.0 0.26 4.2 10.2 86.6
Itllized 1800 34.0 0.006 284.9 8.4 75.5

2)0v 38.5 0.025 47.4 10.7 90.2

2100 34.0 0.0038 81.0 9.9 83.3

2400 36.0 0,028 37.1 8.1 74.4
.400 34.5 0.05 17.7 8.9 02.7

100% rccrys- 1800 35.0 0.01 115.4(c) 2.2
tahlized 1800 31.5 0.0001 2

33.7(a) 0.74
2100 4J3.0 0.019 36.2 8.0 82.1

2100 31.6 0.0013 281.2(a) 0.97 -
2400 39.0 0.30 2.4 9.5 81.2
2400 36.0 0.00012 2 0 9 . 3 (2) 0.40

Varying strain hardening &;ong As tolled 1800 66.0 0.12 21.0 11.1 80.2
specimen gage length, solled 1800 10.0 0.06 41.8 9.6 72.9
at 2400 F. hear treated. 2100 65.0 0.26 9.9 10.7 64.1

aorged 2100 W0.0 0.13 75.2 10.6 74.6
2400 37.0 0.35 5.6 9.5 69.3
2400 33.0 0.045 27.3 9.6 90.4

6506 recrys- 1800 33.0 0.13 9.3 9.5 85.7
utllized 1800 29.0 0.035 71.5 10.4 90.9

2100 35.5 0.10 1.6 9.6 91.6

2100 30.5 0.000C3 190.0•0) 0.27
2400 38.0 0.01 23.9 9.3 80.0
2400 36.0 0.021 20.1 9.3 95.7

Varying strain hardening along 100% recrys- 1-800 32.0 0.008 53.4 9.3 91.9
specimen gage length, rolhed talhizcd 1800 29.0 0.003 138.4(a) 2.1
at 2400 F. heaat ueated, 2100 34.5 0.0035 12 5. 1(0) 0.86 -

forged 7100 32.0 0.007 153.4 8.6 90.0
2400 33.0 0.66 5.9 10.3 92.9
2401, 29.0 0.001 185.8() 0.81

(a) Test dls-nniiued.

(b) Estimated.
(c) Test dlscontinued because spetcimen holder failed.
(d) Value attained on loading.
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TABLE A-6 U. CREEP AND S CRESS-RUPTURE PROPERTIES OF STRESS-RELIEVED Mo-u STi AT 1000 TO 20d0 F(
3

5)

Tine, hou:rs. to Readi I[ndcatec hMinimum Rupture Reduction

Tcmperaturc. Stress, Per Cent of Deformation Creep Rate. Trite, Elongation, in Area,
F 1,300 psi o 2 0.5 1.0 2 5 per Lent/1aour hours per cent per cent

1000 85.5----------- (a) 12.0 84.5
75.0 (a) MN. 2C04(h) 0.47

1 2 0 o1 8 2 .5 -- . - . . . . . .. . ( a ) 1 2 .0 8 2 .1

78.5 (a) 0.1 "62 .. .. 9.0016 2 5 5 , 1 (b) 1.33 --

140o, 76.0------------.. (a) 12.0 13.1
70.0 (a) u.- 19 108 242. eCI. o.Oil 254.7 15.2 72.1

1600 85.o .. .. u.06 0.3 -- t.. 0.5 14.9 86.8
75. -- o.2 1.7 5 15 0. 22 18.2 17.4 88.3

7u.3 1 4 14 42 -- '. 31 i38.0 17.1 72.7
6b.0 7 18 38 7) 145 u,'3 171.u 17.5 77.5

1800 70.0 (a) (a) 0.13 *,.4 v.9. est. 3.2 1.0 16.5 83.2
60.0 u.2 1.6 4.0 8.7 CC. ,st. u.21 27.5 18.5 88.0

55.v 2.7 7.7 1lh 33 80 0.037 94.6 18.0 83.6

50.0 5.5 16 34 125 21 ,mst. O.ul2 227.9 16.3 61.8

8.0- - - - - - u.003, cis. 553.(. 12.8 51.7

40.u 7.2 27 260 693 -- 0.oU,14 910.0(b) 3.22 --

-U,) 10.0- - - - - -. 0.2 12.1 79.8
511.1 -- 0.! 11.75 2.5 -- 0.52 6.7 19.2 87.6
30. -- 3.5 37 1 -- 0.,1012 257.2 10.3 39.6
27.0 -- 9.0 55 197 -- 5.On11 601.2 11.5 G.S

25.u -u 15 75 235 -- L.o062 3 3 5 . 8 (b) 2.3 --

20.0 -- 25 163 .-- 0-.v04 2 6 1 .5 (b) 1.4 --

(a) Value atained on loading.
(b) Indicatm.s tekt was discontimed .t thi% time.
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TABLE A-61. CREEP AND STRESS-RUPTURE PROPERTIES OF RECRYSTALLIZED
Mo-O.MTi AT 1000 TO 2400 F(

35)

Time. hours, to Reach Indicated Minimum Rurture Reduction
Temperature, Stre.ss Per Cent of Deformation - Creep Rate. Time. Elongation. in Area.

F 1000 psi 3 5 8 10 12 16 per centlaour hours per cent per cent

1000 38.0 . . (a) --.. .. Nil 2 56. 1 (b) 8.54 --

1200 38.0 . . (a) .. .. . u.0001 2 16. 4 (' 8.62 --

36.0-- - - -- - - -- - - - 0.0005 2 3 2 .4(b) 30.8 --

1400 35.0 . . 100 202 268 378 0.017 4 0 2 .5(b) 15.9 --

1600 40.0 -- (a) 0.3 0.5 0.8 1.0 -- 1.7 44.8 90.4
35.Q (a) 1.5 11 21 32 48 0.19 74.9 32.8 86.4
34.0 (a) 8.0 72 128 178 210 0.037 223.0 25.0 61.1
33.5 (a) 8.0 54 116 178 310 0.027 3 7 9 .4 (b) 15.3 --

1800 35.0 .. .. (a) 0.04 0.08 0.10 -- 0.35 50.5 92.3
31.0 (a) 0.29 0.4 0 7 1.1 1.7 5.8 3.9 45.6 89.7
29.0 0.18 1.0 5.0 11 17 27 0.32 82.3 63.2 89.4
27.5 0.7 4.7 10 13 22 47 0.014 32 8 .7(b) 22.4 --

2000 30.u -- (a) 0.06 0.1 0.11 0.2 - 0.' 48.3 89.7
25.0 (a) -- 0.1 0.16 0.2 0.5 6.0 4.4 51.7 86.7
20.0 2.3 13 37 55 75 115 0.11 221.1 32.9 38.2
18.0 43 125 210 249 285. est. -- 0.023 2 8 0 . 0 (b) 12.6 --

2400 5.0- --- .... .. ..--- -- 0.013 258.9 4.2 5.8
3.0 .. . -... .. ..---- --.. 0.0023 8 3 4 . 4 (b) 1.90 --

2.0 .. ..------- -- - ---- 0.0003 3 6 1 . 0 (b) 0.188
1.0........... .. 0.00011 7 0 0 . 3 (b) 0.077 --

(a) Value attained on loading.

(b) Indicates test was discontinued at this time.
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TABLE A-62. SOME SELECTED CREEP AND STRESS-RUPTURE PROPMRI'ES OF Mo-0.5Ti AT ELEVATED I EMPERATURES

Creep Rate, Rupture Reduction
Composition and 1 emperature, Stress. per cent/ Time. Elongation. in A ej,

Condition F 1000 psi hour hours per cent per cent Relcrence

0.45o;, Ti. stres relieved 1600 85.0 4.0 0.5 14.9 86.8 (17)
75.0 0.22 18.2 07.4 88.3 (17)
65.0 0.03 171.0 17.5 77.5 (17)

1800 70.0 3.2 1.0 ) 16.5 83.2 (17)
60.0 0.21 27.5 18. 5 88.0 (17)
50.0 0.0212 227.9 16.3 61.8 (17)

2000 70.0 -- 0.2 12.1 79.8 (17)

50.0 0.52 6.7 19.2 87.6 (17)
20.0 0.004 261.6(3) 2.4 -- (17)

0.457. Ti. Mecr)stallized 1600 40 0 -- 1.7 44.8 90.4 (17)
35.0 0.19 74.9 32.8 86.4 (17)
33.5 0.027 379.4(a) 15.3 - (17)

•00 35.0 -- 0.35 50.5 92.3 (17)
31.0 5.8 3.9 45.6 89.7 (17)

2-. .5. ..... 3321.. .( 22.4 (1 .)

'000 30.0 -- 0.3 48.3 79.7 (rl)
23.0 6.0 4.4 51.7 86.7 (17)
18.0 0.023 280.0(a) 12.6 (17)

0.4s4.T!. %tress relieved 1600 70.0 0.031 138.0 17.1 72.1 (17)

1800 55.0 0.037 94.( 18.0 83.6 (17)
48.0 0.003 550.0 12.8 51.7 (17)
45.0 0.0014 335.8(a) 3.2 -- (17)

2000 30.0 0.0042 257.2 10.3 39.6 (17)
27.0 0.009 501.2 11.5 6.8 (17)
25.0 0.0062 335.8(0) .... (17)

0.446;'Ti. recrystallized 1600 34.0 0.037 223.0 25.0 61.1 (17)

1800 29.0 0.32 82.3 63.2 83.4 (17)

2000 20.0 0.11 221.1 32.8 88.2 (17)

0.46;Ti and 0. "%.C. 2400 15.0 3.80 3.2 37.2 83.8 (19)

as rolled 10.0 0.005 95.4 15.6 90.6 (19)

0.% Ti. sites, rcsieed 1000 85.5 -- (b) 12.0 84.5 (36)
75.6 Nil 269. 4 (c) 0.47 -- (36)

1200 82.5 -1 (b) 12.0 82.1 (36)
18.5 0.0016 2 55. 4 (e) 1.33 =- (36)

1400 76.0 .- (b) 12.0 73.1 (36)
70.0 o.011 254.7 15.2 72.1 (36)
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TABLE A-62 (Conu'rued)

Crte o Rate. Rupture Reduction

Composition and 1 cmpurature. Stress. per / Taare. Elongation, in Area.

C(ondiuon P :0r0 p hours per cent peC cent Reference

0. 5% Tz, stress relieced It000 85.0 J C. 5 14.9 86.8 (36)
(Continned) 78.0 .22 18.2 17.4 88.3 (36)

70.0 0.031 138.0 17.I 72.7 (36)

65.0 0.03 171.0 17.6 77.5 (36)

1800 70.0 3.2 1.0 16.5 83.2 (36)
60.0 0.21 27.5 18.5 88.0 (36)

55.0 0.037 94.6 18.0 83.6 (36)

50.0 0.012 227.9 16.3 61.8 (36)
48.0 0.007 o:. 8050.0 12.8 51.7 (36)

45.0 0.0014 9 10 .0 (c) 3.22 -- (36)

2000 70.0 -- 0.2 12.] 79.8 (36)

U-,0 0.52 6.7 19.2 87.6 (36)
30.0 0.A042 259.2 10.3 39. 6 (3G)

27.0 0.009 501.2 11.5 6.8 031)
IS. A 0.0062 225. S(c) 2.3 - (36)

20.0 , 0.04 261.6(c) 1.4 - (36)

0. .0 Ti. recrystallized 1000 38.0 .N.:l 256. I(c) 8. 54- (36)

1200 38.0 0.0004 216,4(c) 8.62 - - (36)

36.0 0. 000o 232.4(c) 36.8 - (36)

1400 35.C 0.017 4 0 2 . 5(c) 15.9 -- (36)

1600 40.0 - 1.7 44.8 90.4 (36)
35.0 0. 19 74.9 32.8 86.4 (36)
34.0 0.037 223. C 25.0 61.1 (36)

33.5 0.027 3 79. 4 (c) !5.2 -- (36)

1800 35.0 -- 0.33 50.5 92.3 (36)
31.0 5.8 3.9 .15.6 89.7 (36)

L!9. C 0.32 82.3 63.2 89.4 (36)

2,1.5 0.014 328.7(0 22.4 -- (36)

2000 30.0 -- 0.3 48.3 89.7 (36)
25.0 6.C, 4.4 51.1 86.7 (36)
20.o 0.11 221.1 32.8 88.2 (36)

18.0 0.023 280.4(c) 12.6 -- (36)

2400 5.0 6.013 258.9 4.2 5.8 (36)

I.') 0. 002's 8 :34 . 4 (c) 1.90 -• (36)
2. t, 0.0003 361.0() O. 188 -- (36)

1.0 0 3011 7 0 0 . 3 (c) 0.077 -- (36)
ýa) le,:st discont'inued.

(b) Value attamned on loadme.
(c) Etlto tred.
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TABLE A-63. CREEP AND STRESS-RUPTURE PROPERTIES OF RECRYSTALLIZED ARC-CAST

Mo-0.STi BAR (3/8-INCH DIAMETER)IN ARGON(aX24)

Time, itm. to Produce Indicated

Temperature. Stress Amount of Deformatiwn Elongaticn.

F 1000 psi 1% 21 5k Rupture per cent

2100 16.,r 35.2 112.0 .. ...

19.0 3.8 200.0 ....

19.5 123.0 .. ....

L0.o 2.2 6.5 104.0 25

2600 8.5 4.75 29.5 "9.0 24

10.0 0.1 0.5 11.2 40.0 23
12.0 0.5 1.3 4.5 11.0 23
13.0 0.2 0.4 3.0 19.0 25

3000 2.0 38.0 77.0 244.0 390.0 --

2.5 36.0 60.0 111.0 127.0 18
3.0 3.0 7,5 19.5 32.2 23

(a) Recrystallizcd 35 minutes at 29G0 F, ASTM 6.
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FIGURE A-]04. CREEP AND STRESS-RUPTURE PROPERTIES OF STRESS-

RELIEVED AND RECRYSTALLED Mo-O. 5Ti AT 2000 F( 3 7 )
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FIGURE A-105. STRESS-RUPTURE CHARACTERISTICS OF SYLVANIA
POWDER-METALLURGY Mo-0. 5Ti SHEET (0. 040
INCH) AT 2190 F( 3 1 )
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FIGURE A-106. HIGH-TEMPL.RATURE SNORT-TIME CREEP AND STRESS-
RUPVJURE PROPERTIES OF ARC-CAST Mo-O. 3Ti SI-EET( 2 5 )
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M,\6 1 A-6; HIARDNESS SPECIrICATION "OR W\OU6.11 AND
RECRYSTALLIZED APC-CAST Mo-0.5TI BARS'a)(•')

Hardness. D•n(H)
Diameter, 1'mhbcs Mrirmu Maximum

Wrought

Oer 13 32 to 716 .15& 310
Over 7 8 to o 1/8 '4U 290
Over 1-1/5 zo 1-7, 235 28b
Over 1-7,8 to 2-7/8 230 280

O~cr 2-7/8 to 3-112 225 275
O\er 3-1/2 to 4-1,2 220 270

Retrzstalllzed

Over 13/32 to 4-1/2 -- 210
(a) liardncsý detennined at mid-radius of bar.
(b) 2(-k, load.

360

340
Legend

320 ____ - - X Hot worked to sheet bar

* Cold worked to sheet bar
300

280

S260

0 240

220
II

180

160
1900 2000 2100 2200 2300 2400 2500 2600

I-Hour Annealing Temperature, F A-41966

FIGURE A-lo7. EFFECT OF ANNEALING TEMPERATURE ON TIlE

ROOM-TEMMERATURE HARDNESS Or Mu-0. 5T.(58)

-. t _
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TABLF A-65. BEND-DUCTILI1Y REQUIREMENTS FOR ARC-CAST Mo-0.MTi
PLATE AND SHEET(a)

Bend Radiu Value. T
Direction of Bend Ax.iss Maximum T) pical

Paze, up to 0.2501nch( 9
)

Parallel to rolling 3
Transverse to rolling 3 1

Shcet(
10

)

Parallel to rolling 2 0
Transverse to rolling 2 0

(a) 3/I by 2-inth specimens. Mloderatc loadmin rate.

TABLE A-66 BELND-TEST DATA FOR Mo-0.5Ti S1IEFT (1/16 C 2CH)(
2 1

)

Temperature, F. for
Carbon Content, Specimen Indicated Bend Angle Bend Angle at
weight per cent Condition Orientation(a), degrees 10 Degrees 90 Degrees 756F, degrees

0.016 As rolled 90 50 188 22
Stress relieved 90 230 260 0
Rccrxstallhzed 90 163 .122 1

0.019 As roll.d 90 16 i60 59
Stress re•licd 90 -76 140 75

Recrystallized 90 6 50 131

0.04u As roiled 0 185 200 0
Stresb relieved 0 84 1is" 5
Recrystallized 0 2A, 31V 0
As rolled 90 228 352 0
Stress relieved 90 90 324 8
Re-rstallhzed 90 228 352 0

0.047 As rolled 0 165 392 0
Stress relic' ed 0 2S0 .5Th 0

Recrystalized 0 234 360 0
As rolled 90 280 >420 0
Stress relieved 9& 177 320 0
ilecrystallized 90 280 >420 0

(a) Orientation of Ic ig dimension with rolling direction.
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!40

SO.OJO in. .005 in.- --

120 - := 0002
0 8C

WC
cn 20

-100 0 0o 200 300 4

Temperature, F A-46o20

FIGURE A- 108. EFFECT OF TEMPERATURE AND AMOUNT OF SURFACE
REMOVED BY CHEMICAL MILLING ON THE BEND
PROPERTIES OF STRESS-RELIEVED Mo-0. 5Ti SHEET
(0.062 INCH, INITIALLY)(3

4 )

Stress relieved 15 minutes at Z100 F. Specimens cut
parallel to rolling direction. 0. 047% carbon.
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TABLE A-67 EFFECT OF TEMiPERATURE ON THE COMPRESSVIh

YIELD 41 RENý,TH OF ARC-CAST Mo-B LIT! BAR
(3/4-INCH DIAMETER)(a)(3

2
)

Compressive Yield Strength
Temperature, F (0.25oOffset), 1000 psi

RT 112.8

400 b6. 1
600 84.2

800 80.2
1000 79.6

1200 77.7
1400 73.2

1600 69.8

1800 66.2

2000 60. 5

2200 19.9

2400 11.95

(a) Tested in argon ;it 6.05 nch per mit,.

TABLE A-68 EFFECT OF STRAIN RATE AND TEMPERATURE ON THE COMPRESSIVE
YIELD 1.TRENGTH OF RECRYSTALLIZED ARC-CAST Mo-0. bTs BAR

(3/8-INCH DIAMETER) IN ARGON(AX
2 4

)

Strain Rate, Compressive Yictd Strength
Temperature, F in./sn./min (0.2% Offset), lOnO psi

RT 0.002 5 7 .6/ 4 8 2 (b)
0.2 74.9/68.2

1200 0.002 15.2

0.2 15.0

2100 0.002 12.28

0.2 10.47

2600 0.002 10.37

0.2 8.76

3=33 0.002 3.30

0.2 4.84

(a) Recrystalized 35 minutes at 2900 F, ASTM 6.

(b) Upper yield strength/lower yield strength.
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TABLE A-69. EFFECT OF TEMPERA rURf ON THE SHEAR STRENGTH (,F

ARC-CAST Mo-0. STi SHEET(
3 0

)

Shear Strength. 1000 psi

Temperature, F 0.015 Inch Sheet 0.060 Inch Szeet

-100 109 61

-50 105 86

0 100 85, 88

32 91 92

75 84 87

200 67, 72 68, 73

400 70 67

600 64 66

S00 63 57

1000 60 57

1200 50 52

1400 54 52

1630 49 48

1800 46 43
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FIGURE A- 109. COMPLETELY REVERSED SHEET-BENDING FATIGUE

PR•OPERTIES OF STRESS-RELIEVED Mo-0. S Ti
S-IEET (O. OZO INCH) AT ROOM TEMPERATUr•Z( 4"

Analyses 0. 46% Ti and 0. 0% C.
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4. Metallurgical Properties

a. Fabricability: initial breakdown of as-cast ingots is uoual]y done by e::trusion,
practice for the production of sheet material having the b-it
combination of properties includes: (1) roll hot-forged sheet bar
at 2200 F to final molh out, (2) told work at 1600 F up to 90 per
cent, and (3) c oss roll findl 75 per cent fruni stress-relieved
mold out(4 1 );, recommended working temperature after extrusion
is illustrated in Figure A-I10

b. Transition temnerature: for as-rolled powder-metall- gy sheet (0. 040 inch)(31)

Ductile-Brittle Transition
Tt mperature, C

Direction Range Average

Longitudinal <-75 to -25 <-40
Transverse -25 to 0 >-17

Tables A-70 and A-71
Figure A-I I l

c. Weldability:. can be readily welded by most stnndard welding tCLhnique,,

properly welded arc-cast material will exhibit better characteris-
tics (less spatter, sounder weldments) than unalloyed molybdenum -
this is thought to be associated with the gettering action of titanium,
welds are room-temperature ductile(4 3 )

d. Stress-relief temperature: 114 hour at 2190 F for bar (7/ 16-inch diameter)( 16 );
1/4 ;D 1 hour at 2000 to 2100 F for sheet (1/ i6
inch)( 3 4 1

e. Recrystallization temperat:,re: Figures A- I 12 through A- 116
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2:00

2000

5700 5 0 6 0 7 0 8 0 9

1600 ----- -_

50 ~55 6 65 TO 75 so8090 9

Reduction, per ca t A-,46019

FIGURE A- I IC. APPROXIMATE RECOMMENDED WORKING TEMPERATURES
FOR CORRESPONDING AMOUNTS OF HOT-COLD WORK FOR
ARC-CAST Mo-0.5Ti(

4 2 )
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IABLF A--', EFFECTOF HEAT IREtT'IMENTON TilE TRANSITION IEMIPERATUREANDNOIC.II SENS1riVIIY
OF Mo-0. bTi BAR(

33)

Difference Be.tween Notch and
Ducttlht\ I ra•iition Temperature. C Utnotched Ductility

Condition Unnotched Notched (Kt. 3) Transition Temperature. \C

As wrought (2M6) 150 300 1W0
As wrought (,o) -23 173 200
Low temp. stress rthccd -50 100 150

High tem:p. stess relieved -50 17, 225
Rccx~stallized 1smuAil grain) 50(a) 1-00 1.5
Reer)stalhized (t':edsm ;r.n) 200 325 125
Rciz)stallized (large grain) 200 325 12.5

(a) Approximate minimum of plateau.

TABLE A-71. BIND-1RANSI1ION IEMPFRATURE REQUIkEMFNTS FOR
ARC-CAST Mo-o. STi PLATE AND SIIEEI (a)

Bend Transition Tcniperature. F
Direction of Bend Ax.is M.1\ttiinnu -1 xpIcal

Plate, tip to 0. 250 Inch(J)

Parallel to rolling 300 70
Trantersct to ollihng 300 7o

Parallel to rolling 100 bL
Transverse to rolhng 100 0

(a) Bcnd-idr sitioti tempetature is definted as the it'iniiniiiii tetmiperature .t whirlt
a spCLrutCen hill bend through 105 degrees with a moderate variable loading
rate over a IT 'adius without failhe.
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Temperature, C

020 O . Q. 300 400

Legend

0 As rolled

100 -- L Stress relieved __

O Recrystallized

Recrystoll'led

80

n

.g40

S60 1.-_ _

20 Stress relievec

0_
200 400 600 800

Temppr,-'vre, F A-36019

FIGUR E A- I 1l. IMPACT (V-NOTCH) TRP NSITION
BEHAVIOR OF Mo-0.5T.0111

0.46% titanium.
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S100
d)

08

ro

__,_ Reduced 900 7. Reduced 5857
: 20 

--71ed58 %

2000 2200 2400 2600 2800 2400 2600 2800 3000
Temperature, F

80 -I 60 mi - -, ,F
60 601m0, mi

10 min
S40; ral-

U Reduced 30.4% Reduced 18 5%

2600 2800 3000 3200 3400 2800 3000 3200 3400

Tempe-rature, F

- 00

"60 min

o 0

040-10 min

S20 Reduced 12.6 %-

2600 2800 3000 3200 3400
Temperature, F A-46018

a Rolled G; 2200 F

FIGURE .-. RECRYSTALLIZATION BEHAVIOR AS A FUNCTION OF TIME
AND IEMPERATURE FOR Mo-0. 5Ti BARS ROLLED TO
INDICATED REDUCTIONS(

4 4 )

0. 020% carbon.
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I00

60min 10 min6 i
60

~40_ __

F-Reduced 902% - - Reduced 60 7 %

2600, 2800 3000 3200 3400 2600 2800 3000 3200

Temperature, F

- 100

C I
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AC __ _R~eauced 255%
60 mi ) mi 60 mmi

40 1 min0m
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2400 2600 2800 3000 3200 2400 2600 2800 3000

Temperature, F

100
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S80
02600 2800 3m 32000 340

Temperature, FA-61

- 80

0

S4C ,

T• 20 1/ Reduced 137%•o_

2600 2 800 3000 3200 3400

Temperature, F A-46o17

b Rolled ot 3000 F

FIGURE .- I-. (CONTINUED)
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3000

~ 800'- i

z 24000
2200

S2001 -
0 10 20 30 40 50 60 70 80 '30

Reducton. per Cent

FIGURE A-] 13. EFFECT OF DEFORMATION ON THE MINIMUM
TEMPERATURE FOR COMPLETE RECRYSTAL-
LIZATION OF ARC-CAST MOLYBDENUM(

4 2 )

300

200 / 100

/4 260 r aPer Cent r ncrystalltzed

C 0.1

020 02 0~24MO __0

X 220 40

.1 
Hardness

12CC 1300 1400 1500 1600 2700
TeW pe0re. F A 33M

FIGURE A-114. ANNEALING CURVE FOR kRC-CAST Mo-O.51' BAR 1 6 )

1/4 hour at temperature. hydrogen atmospbicre. air coolcd.

Arc-melted ingot swaged to 7/16-inch-diamreter bar.

Working temperatures generally above 600 C.

Ele.-nent Weight Per Cent

C 0.012
0 :ý0. ()020
N 0.003
14 0. 0006
Ti 0.5
Ta <0. 2
W <0.1I

Other, <0. 06
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300

S----7 : ... L.._........---- •

•Z0 O Per pent eclystoll-e¢d

t j 1* I

.0O
Z11140 Z

20 I

1200 1300 400 1500 1600 1700
Temperoture, C .11.1

FIGURE A-115. ANNEALING CURVE FOR ARC-CAST MOLYBDENUM SHEET(
1 6

)

1/4 hour at temperature, hydrogen atmosphere, air cooled.

Arc-melted ingot rolled to 0. 065-inch sheet. Working
temperatures generally above 600 C.

Element Weignt Per Cent

C 0. 020
0 0.0042
N 0.001

H 0. 0005

T" 0.5

Ta <0. 2
W <0.1

Others <0. 05

-2 4i- - -

R6 -1 0Pe m

II

200 -

,,0 ___.I__ _ _ _

owRde 60o 1400 46600
wHO. A-w&ng Tem'rvP , C Ao

FIGURE .\-Ilb. RECRYSTALLIZATION BEHAVIOR OF' POWDER-METALLURGY
Mo-0. 5T1'I bHEE I (0. 040 INCH) AS DETERMINED BY

HARDNESS MEASURFMENTS(
3 1)
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Mo-O. 5Ti-O. 08Z r-0. 03C

Identification of Material

a. Designation: TZM

b. Chemical composition: Table A-72

c. Forms available: billets, bars, plate and sheet( 1 - 5 )

TAELF A-72. REPRFSFN'rATIVF ANAýY'CF ('• ARC-CAST TZM AS
PRODUCED BY CLIMAX AND I. NIVERSAL CYCLOPS

Content, Maximum, weight per cent
Cdmax(1

-
3
) Universal

Element (a) (b) Cyclops(bX4)

Al .... 0.002

C 6.6i-0.04 0.01-0.03 0.01-0.04
Ca .... 0.002

Co .... 0.002

Cr .... 0.004
Cu .... 0.002
Fe 0.010 0.008 0.010
H 0.00005 0.0006 0.001
K .... 0.001
Pb .... 0.002
Mg .... 0.002
Mn .... 0.002
Mu 99.2.mm 99.25 mm 99.34 by diff
Na .... 0.001
N 0.002 0.002 0.001
Ni 0.002 0.002 0.002
0 0.0025 0.0'125 0.003
Si 0.008 0.008 0.020
Sn .... 0.004
T. 0.40-0.65 0.40-0.55 0.40-0.55
w .... 0.005
Zr 0.06-0.12 0.06-0.12 0.07-0. 120

(a) For forging billets and wrought bars.
(b) For sheet.
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,. Pbysical Properties

a. Melung point: -4730 F(5)

b- Density: 0. 367 lb/in. 3 (calcuiatad)

S. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tons. e streagth: Tables A-73 tbrough A-IS
Figures A-117 through A-I-10

Tensile yisld strength: Tables A-73 through A-78
Figures A-18 through A-I10

Elongation: Tabies A-73 through A-7?
Figures A-118 through A-IZ0

Reduction in area: Table A-77
Figure A-118

Modulus cf elasticity: Table A-78

b. &.dect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-79 throagh A -86
Figures A-IZ.I through A- IZ6 ard A-I U

Tensile yield strength. Tables A-?9 through A-8b
Faguros A-Il tbrough A-IZ5 and A-Its

Elongation: Tables A-79 and A-80 and A-84 Lbrough A-86
Figuzv 4-12l through A-10T and A-IZ7

Reduction in area; Tables A-79 and A-89
F/igures A-IZL and A-.Z4

Modulus of elasticity: Tables A-84 through A-s6
Figures A-IZI aud A-IZ9

c. Notched Tens.le Properties

Table A-87
d. Creep ar.d Stress-Rupture Properties

Tables A-"S through A-9Z
Figure A- 130
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e. Other Selected Mechanical Properties

Hardness: Tables A-93 and A-94
Figures A-131 through A-13Z

Bend ductility: Table A-95
Figure A-133
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TABLE A-73. DOOl -TEMIPERATURE TENSILE-PlOPERTY REUIVIEM4ENTS
FOR CUIMAX ARC-CAST TZM BARS(aX 2

)

Minimum Minimum
Tensile Minimum Yield Elongation in

Diameter. Strength. Strength (0.2!k 1 Inch.
inches 1000 psl Offset). 1000 p;i per cent

Stress Relieved

Over 13/32 to 7/8 115 100 18
Over 7/8 to 1-1/8 110 95 15
Over 1-1/8 to 1-7/8 100 F5 10
Over 1-7/8 to 2-7/8 90 E0 10
(Cver 2-7/8 to 3-1/2 85 "5 5
Over 3-1/2 to 4-1/2 80 70 5

Recrystallized

Lens than 2 80 55 20
2 to 4-1/2 75 45 10

(a) Test rate U. 002 to 0.005 inch per inch per minute tsrough 0.6 per cent
offset. then 0.02 to 0.05 inch per inca per minute to failure.

TAMX A-74. TYPICAL I(OOM-TEMPERATURE TENSILE DATA FOR ARC-CAST
STRESS -RELIEVED TZM IROUND BAR PRODUCED BY CLIMAX(iX 6)

Average Average Yield
Tensile Strength Elongation

Diameter. Strength. (0. 25 Offset). in I Inch.
inches 1000 psi 1000 psi per cent

1/2 134 121 27
5/8 126 121 27
3/4 127 110 27
1 128 109 25
1-1/8 122 103 95
1-1/4 116 103 22
1-1/2 110 96 20
9 104 88 19
2-3/4 96 82 21

(a) Cold Water Product-on Facility. All data from 6-inch-diameter arc-cast
ingots coverint; a 2-year period. Material strest relieved 1/4 to I hour at
2200 to 2350 F. Test rate 0.002 inch per inch per minute in the elastic
range, then 0.05 inch per inch per minute to fracture.
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.ABLE A-75. ROOM-'TMPsR.ATURE TL4SILt-PROPERTY REQUIRZ.4FNTS

FOR UNIVIERSAL-CYCLOPS ARC-CAST TZM S;;ZET(a)X
4
)

Maximum Minimum

Tensile Maximum Yield Elongation Li
Test Strength. Strength (0.21] 2 Inches.

Direction 1000 psi Offset). I000 psi per cent

Longitudinal 150 140 8
Transvere 150 140 6

(a) Test rate 0. 05 inch pe. inch per minute.

TAMSE A-?6. I• O7.t-TEMPERATURE TENbILE-PAOPErTY REQUIREMENTS FOR

CLIMAX ARC-CAST TZM SHEET(aX
3

)

Minsiwnu

Tensile Minimum Yield Elongation in

Thickness. Strength. Strength (0.2 k 2 Inches.

inch 1000 psi Offset). 1000 psi per cent

Dr l(b)

0.010 to 0.025. incl. 140 115 4

Over 0.025 to 0.060. i-cl. 135 110 5

Over 0.060 to 0. 090. Incl. 130 105 7
Over 0.090 to 0. 187. incl. 130 105 8

Type2(c)

0.010 to 0.025. incl. 120-146 100-135 6

Over 0.025 to 0. 060. incl. 120-145 100-135?

(a) Tested traniverse to the final rolling direcoon.

(b) This type sheet is especially recommended where the highest room-
temperature and clevated-temperatur, properties are required.

(c0 This type shect is suggested where a somewhat lower level of strength and
slightly lugher elongation are required in order to limit the strain hardening

induced by further fabrication.
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TABLE A-71. IOOM-TEMPERATURE TENSILE PROPERTIES OF TZM ROD. BAR, AND SHEET

Composition Tensile Yield Reduct.on

(Balance Molybdenuni). Strength. Strength. Elongation. in Area.
Material wcight per cent Condition 1G00 psi 1000 psi per celii per cent

1/2 inch 0.44Ti-0.07Zr-0. 019C As rolled >2.; 129.5 L1 46
1/2 inch 0.44T1-0.07Zr-0.019C Stress relieved 134.3 !20. 5 20 35

1/2 inl., 0. 441 i-U.O7Zr-0. 010C Rerrystalizced 89.3 77.6 32 33

6/8 inch 0.40Ts-0.07 2Z:-0,017C As rolled 126.9 10o.4 26 59
5/8 inch 0.46T:-0.074Zr-O.CIC Stiess relhsed 122.7 100. 1 27 53
6/8 inch 0.4t"GTi-0.074Zr-0.01'C Stress rchced 129.7 100.2 29 62
S/S inch 3.46TT-9.074Zr-0.017C cecr$stallhzcd 78.4 49.7 44 36

• tS inch 0.46)T:-0.074Zr-0.017C Recrytallizcd 79.? 76.5 39 38

6/8 inch 0.4;9Ts-0.O7Zr-0. 022C Stress restcicu 127.9 102.5 27 69

11/16 inch 0.49Ti-0.07Zr-0.019C Stress relsetd 119.6 104.4 29 42.8

1/i( 6snch 0.43T:-O.07Zr-0.019C Stress reliceed 118.6 102.3 34 58.1

-1/4 inch 0.49Ti-0.077r-f.ni~iC A) rclQt t u-. Z 21 28

1-1/4 inch 0.49Ti-0.O;Zr.0.02=C As rolled 107.1 83.6 31 43

Sinch 0.49Ts.o.07Zr-0.022Cr S:css rchcl,! 104.4 S6.4 Is 17

I x 4 intLh 0.49Ts-0.07Zr-0. 019C As .olied I1 0. 5 (L) 90.2 (L) 13 (L) 24 (L)
I x 4 inch 0.49Ts-0.07Zr-0.019C As rolled U17.65,T) 98. 1 (T) 7 (T) 6 (T)

/it; inch 0. 51 t-0.07Zr-C.019C As rolled 127.3 (L) 114.- (L) 9.6 (L)
/1161 itn 0. STi-O. O0Zr-C.o019C : .ml;lu 13

4
.1 (C) 113.2 i(T) 7.6(7) --

2/16 inth 0. ST-0.07Zr-0.019C Stress rcelct.t 124.3 (L) 101.4 (L) J3.0(L) --
1'16 inch i. 5Ti-0.07Zr-9.019C Stress relieved 126.9 (T) 107.9(1) 4.5 (T) --

!/hW inch u. 61 i-0.07Zr-L'.019C Recr•stallizcd 70.3 (L) 70.3 (I.) 4.1.0 (L) --

1/16 inch 0.61 i-0.07Z1-0.019C Recr stalihzcd 71. 7 (T) 66.3(T) 33. u (1)

1/1C inch O.STi-0.07Zr-0.OSIC As rolled 1re.3 (L) 12h.7 (L) 12.0 (L) --

I/lt Ireh 0. STi-0.07Zr-0.064C As rolled 147.3 (1) 124.. (T) 4.0 (T)

1.106 icl 0. 1 i-O. O7Zr-0. 051C Stress relt:ced %A2. 5 (L) -- 0(1.) --
1,16 ixt 0.5Ti-0.07Zr-0.064C Stres releved 134.9(1) 121. 1 (T) 10.0(1)

I/I,. i,1h 0. b 1-0.TZr-C.G.C Recristallized 65. 9 (L) 64.1 (L) 0. 6 (L)
1/16 inth 0.61:-0.07Zr-0.054C Rccr)stallizcd 62. 3 (T) 59.3 (T) 1.5 (T) --
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TABLE A-78. ROOM-TEMPIRATURE TE,'4SI.E PWPERTIES OF TZM FOIL(aX
9
)

Tensile Yield ELongation in Modulus

Thickness. Strength, Strcnglth. 2 Inches. of Elasticity.

inch 1000 psi 1000 psi pqt cent 106 psi

0.002 120.5 1o0.9 33.6

0.00o 101. 7 (L) 92.2 (L) .3.1(L) 40.1 (L)

106..u(1) 01v Z (..t, 35.1. (T)

0.010 120. 102.U 8.1 41.0

(a) Avcralc data from fhtc iCsU. Test rate 0.0"4 inch Per inch per tumusi w 0.6 per cent

offset. then 0.04 inch per inch per Minute to fainoe. Anialyses are i.3vcn below.(
10

)

Tiucincss. PPM

inch 51 Tz Zr Fc t.1o 0 N H T; W N

0.002 290 Ji 4706 dSew i5 Bal .......

0.006 290 35 4300 720 1 ;81' 9 2 3 ]f(,0 70 10

0.010 140 .1X 4."0 1 15 Bal 14 - 2 l00 70 20
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FIGURE A- 117. RELATIONSHIP BETWEEN TENSILE STRENGTH AND
HARDNESS OF CLIMAX ARC-CAST TZM BAR(S)

S4 c low 68,400 psi

70 _c 0 1% Offset 10,0 s
S 02% Offset 4.400jw

41 Ten Ofsi e tre 119, 600 Lu' -
Ewiygtbon 29 per witd
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2 6 to 0 e 36 24 32 40

Sttn

FIGURE A- 118. TYPICAL ROOM-TEMPERATURE STRESS-STRAIN
CURVE OF CLIMAX ARC-CAST ROLLED TZM BAR
(I I/ 16-INCH DIAMETER) (5 )



A-191

.120

£ T. a..

*00/ �Y�Od102%Offu)

so

2 -

0-11.0 20 40 , o , 0' 0

A bp . . & w o

FIGURE A- 119. EFFECT OF ROLLING REDUCTION ON THE ROOM-TEMPERATURE
TENSILE PROPERTIES OF STRESS-RELIEVED TZM SHEET(' 1)

Test rate 0. 001 inch per inch per second to yield, and 0. 01 inch per
inch per second to fracture.

a -

,,J -- -

140

I 0

111111±1
w00 flo 2400 26W a 3=0

FIGURE A- 120. EFFECT OF INITIAL ROLLING TEMPERATURE ON
THE ROOM-TEMPERATURE TENSILE PROPERTIES
OF STRESS-RELIEVED TZM SHEET( 1 )
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TABLE A-79. TENSILE PROPERTIES OF FORGED TZM AT 3000 F(12)

Forging Fotging Tensile Yield Strength Reduction Reduction in

Temperature. Reduction. Strength, (0.2'"uOifiet). Elongation, in Area, Width,
F pet cen, Condition(a) 1000 psi 1000 psi per cent per cent per cent

1900 20 Rex 16.6 11.0 31 >IuV( 24
40 Rex 11.5 7.8 47 >100 3G

50 Rex 12.1 8.5 39 >100 32

70 Rex 13.2 S.. 37 >100 32
20 AF 12.5 9.6 33 >100 3/

40 AF 11.5 8.5 40 '100 43
s0 AF 12.0 8.4 25 >100 20

70 AF 12.2 7.6 44 >100 48

140U 20 Rex 13.4 11.9 34 >100 32

40 Rex 17.4 11.4 21 >100 23
50 Rex 11.3 9.4 10 20. t; 8

G0 Rex 12.7 9.6 36 >100 40
20 AF 13.8 11.4 2J >100 24

40 AF 12.6 8.4 29 >100 24

50 AF 12.7 10.0 35 >100 37

(a) Rex- recr)stalhzcd

AF = as fcrgcd.
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TABU A-80. EFFECT OF TEWIRATURE ON THE TDI4S1.E F")PERTES OF TZJA WD AND S0Tr

comSposition3 Tensile Yield Redooncli
Size. (Alalance M~olybdenum). Teriperatsue. Strength. Strength. Eoutoaana inArea.
inch weight per cent COcaII011 F 1000 psi 1000 pal pet cent per -cent

Rep~)

1/2 0.44T1-0.07Zr-0.019C As lolled !800 88. i 45.3 21 48
1/2 0.46TI-0.07Zt-0.019C Stress relieved 1600 82.6 62.7 16 74
1/2 0.44Tl-0.07Zr.0.019C Recrystallized 1000 32.5 5.6 36 87

5/8 0.46T71-0.074Zr-0.017C Sues relieved 1800 85.5 -. 18 73
5/8 0.46TI-0.074Zr*5.017C Recsystaillled 1800 41.7 17.9 35 62

11/16 0.49T1-0.0O7Zr-0.019C Sure. relieved 1800 76.1 66.3 18 66
11/18 0.48Tl*0.OlZr-0.018C Sure. relieved 1800 77.3 75.4 15 71.3

11/16 0.49T1-G.07Zt-0.019C Sme.r releved 2000 73.1 67.7 17 80. 8
11/16 0.49171-0.07&r*0.019SC sure relieved 2000 71.4 83.8 18 85.4

6/8 0.46rl-0.074Zr*0.019C Sue.; relieved 2400 63.9 -- 31 86
6/8 0.4617I*0.0744r*0.019C Recrystallized 2400 23.4 -- 69 96

11/16 0.4gTi-0.07Zt-0. DiSC Sures relieved 2400 54.4 42.0 26 91.6
11/16 0.4ffi-0.07i.t-0.013C Suess relieved 2400 63.6 39.3 29 93.3

6/8 0.46Ti-0.074Z?*0.019C Rolled and swaged 3000 14.06 6 0 99

5/8 0.46T1-0.074Z -0.019C Rolled and swnged 3500 4.18 -- 66 99

b1.cet8)

1/16 0.5Tl-0.O7Zr-0.OISC As solled 1800 79.6(l.) 5- 60 (L) --
1/16 O.Srl-0.O7Zr-0.Ol9C As woiled 1800 84.65(T) -- 1. 0 (T)

1/16 0.ST1-O.0l~r-0.056C As soiled 1800 79.8 (L) 43.4 (L) 10. 0(L.)
1/16 O.6Ti-0.07Zr*0.056C As wiled 1800 83.3 (T) 30.9 (T) 1.65(T) -

1/16 0.ST10O.O7Zr-O.O1SC SUCK relieved 1800 79.6(L) -- 4. 0(L) -

1/16 C.6T1-0.07Zr-0.1SC Suess relieved 18W0 82.4(T) -. 9. 0(T)

1/16 O.5TI-0.O7Zt-0.05$C Suem relieved 1800 83.4 (L) 12. 0 (L) 10.1. (L) -

1/16 5.STi-0.O7zr.0.054C Suessrelieved 1800 89.2 (T) 14.1 (T) 2.0 (T)

1/16 8.STI-0.07Zt-0.O19C Recrystallized 1400 45.56(L) .- 18. 0 (L) -

1/16 0.STi-0.O7zr-0.019C Recrystallized 1800 41. 6(T) .- 14. 4(T) -

1/16 0.ST1*0.O7Zt-0.056C Recrysrlltzed 1800 39.2(l) 16. 0 (L) 14. 0(L)
1/16 0.ST1-0.()?Zr-0.05fC Recrystallized 1800 37.7 (T) 16. 8( lr :. 0(T) -

1/16 u.ntl-0.07zr-0.019C Suress relived 2400 3s.3 (L) -- 9. 0(L) -

1/16 u.3Ti-0.Q7Zr-0.O1SC Sure relieved 2400 46.6 (T) -- 3.0 (7) -

1,116 0.STI-5~.OZt-0.054C Stress relieved 2400 2'7.9(L) -. 26.5(1.) -

1/16 0.ST1-0.O7Zt-0.054C Sue. relieved 2400 30.4 (T) .. 18.0(T)

1/16 0.S1i-0.07zr.0.OOSC Recrystallized 2400 22.1(L.) .9 (L) 26.0 (L) -

1/16 A STI-0.07Zt-0.O1SC Recrystallizedl 2400 22. 0(T) 10. 6(T) 32. 0(T)

1/16 0.6Tt-0.07Zr-0.056C Recrystallized 2400 17.3 (L) 10.6(1) 61.6(L)
1/16 0.Slt-0.07Zr-0.056C RccrysilsLtzd 2406 20.3 (T) 10. 7(T) 61.0 (T)
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TABLE A-81. TENSILE-PROPEr.rY REQUIREMENTS FOR CLIMA.X TYPE I
ARC-CAST TZMd SHEET AT 2200 F(a)(J)

Minimum Minimum
Tensile Minimum Yield Elongatlon In

Thickness. Strength. Strength (0.2% 1 Inch.
inch 1000 psi Offset). 1000 psi per cent

0.010 to 0.025. incl. 50 25 5
Over 0. 025 to 0.06U. incl. 50 25 6

Over 0.060 to 0. 090. ncl. 50 25 8
Over 0. 090 to 0. 187, incl. s0 25 10

(a) Tested uansverse to the final rolling directions Type 1 sheet is especially recommended
where the highest room-temperature and elevated-temperature properties are required.

TABLE A-82. EFFECT OF TEMPERATURE ON THE TENSILE PROPFRTIES OF

SYLVANIA POWDER-METALLURGY TZM SHEET(
13

)

Tensile Yield
Temperature. Strength. Strength, Elongation,

F loco psi 1000 ?$1 per cent

0. 060 Inch(a)

RT 131 117 14
128 113 >10

2400 56 48 12
61 53 7

3000 9 5 61
10 8 59

0.040 Inch

2400 65 59 6
72 68 7

(a) Annealed 1 hour at 2730 F.
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TABLE A-83. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF
STRESS-RELIEVED TZM SHEET (0.045 INCH)(aX14)

Yield Strength Elongation in
Temperatux, Tensile birength. (0.2% Offset), 3/4 Inch,

F 1000 pSi 1000 psi per cent

RT 124.5 113.5 15
143.5 129.9 12.5

1000 92.1 85.5 6.2
92.4 86.8 7.5

1690 83.1 70.6 5.0
87.5 -- 11.2

2200 54.6 47.7 10.6
4J. 6 34.0 2.5

2500 21.8 13.6 48.8
31.8 26.6 15.0

(a) Stress relieved I hour at 2200 F. Test rate 0.005 inch per inch per minute to yield.
then 0.03 inch peg inch per minute to fracture. Nominal carbon c,.itent 0.04 per
cent.
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TABLE A-84. SUMMARY OF IMPORTANT CONVERSION VARIABLES FOR TZM

SHEET DATA PRESENTED IN TABLE A-86

Cnnmermsnn Variable,

Reduction
lritsal Final Number After Last
Rolling Rolling Intel- Recrystal- Sheet

Slicer Forging Temperature. Temperature. mediate lization, Thickness. Heat-I real Haidnesb).
Idet.:ity Techn,ques F r; Anneals per cent inch Condition(") DPH

A-I Upset 2460 1830 3 65 0.080 Stress relieved 290

A-2 Upset 2460 1830 3 65 0.080 Recrystallized 196
A-3 Upset 2460 1830 3 65 0.080.• Aa-1.=led 287

B-I Upset 2460 2100 3 82 0.040 Stress reiseved 308
B-2 Upset 2460 2100 3 82 3.u4u Recrystallized 195

B-3 Upset 246u 2100 3 82 0.040 As-rolled 301

C-I Bust & Draw 2460 24o0 4 20 0. 120 Stiess relieved 242

C-2 Bust & Draw 2460 2460 4 20 0. 120 Recrystallized 229
C-3 Bust& Draw 2460 2460 4 20 0.120 As-rolled 247

C-4 Bust& Draw 2460 2460 4 73 0.040 Stress relieved 292

C-5 Bust& Draw 2-160 24u0 4 73 0.040 Recrystallized 216

D-1 Bu- & Draw 2900 2900 1 -- 0.080 As-rolled 299

D-2a Bust n Draw 2900 9101) 3 17 . 120 schi z %ed 261

D-2b Bust& Draw 2M00 2C00 3 65 0.060 Stress relie~ed 291
D-2. Bust & Draw 2900 2100 3 82 0.040 Stress relieved 301

ElI-I Bust& Draw 92100 2100 2 54 0.088 Stress reltevcd 325

EH-2 Bust& Draw 2100 2100 2 9: 0.040 Stress relieved 324
EH-3 Bust & Draw 2100 2103 2 93 0.040 Recrystallized 201

EGA Bust& Draw 2900 210 2 67 0.063 Stress relicecd 298

EGB Bust& Draw 2900 2100 2 Ul 9.078 Stress relhecd 279

EGC Bust& Draw 2300 2100 2 42 0.117 Stress relieved 278
EGX Bust& Draw 2900 -- 1 912 0.040 Stress releved 314

(a) Stress relieved 1 fsr at 1900 F in hyd~ogen. Recrystallized 1 fir at 2a25 F in hydrogen

(b) 1000-gram load.

TABLE A-.5. INTERSTITIAL ANALYSES FOR TZM SHEET DATA
PRESEN'IED IN TABLE A-86

Gas Co.tents (ppm)

Sheet

Identty Oxygen Hydrogen Nitrogen

A-1 16.0 0.9 10
B-1 27.0 0.8 13

C-I 5.7 0.8 25
C-4 9.5 4.3 15

D-I 62.0 1.3 9
D-2c 2.8 0.5 9
EGA 36.0 0.5 11
EGX 4.3 3.6 12

EH-] 5.5 0.1 9
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TABLE A-86. EFFECT OF TEMPERATURE ON THE TENSILE PROPEs,TIES OF TZM SHEET(a)(l )

Tensi!c Vield Strength Elongation in Modulus of
Shect Tcmperature. Suength, (0.2% Offeet). 1. 5 Inches, Elasticity,

Identity F 1000 psi -1000 psi per cent 106 psi

Series A

A-I RT 1?-. 4 109.9 20 39.0

A-1 124.0 110.2 21 37.0

A-2 86.0 .... 38.0
A-2 85.9 12.2 -- 40.0

A-3 139.8 121. 4 16 39.0

A-3 140.8 121.0 17 38.0

A-1 1000 80.5 72.0 7 33.0

A-2 4o.6 21.5 25 26.0

A-3 93.9 68.3 6 32.5

A-1 15.00 76.1 W. 5 4.5 35.0

A -2 42.2 20.0 2j 22.0

A-I 2000 6-7.1 60.5 4.5 28.0

A-1 69.0 ,,3.1 6 29.0

A-2 35.2 18.4 20 19.3

A-3 74.8 6S.2 5 29.0

A-I 2500 24.4 12.6 18 18.5

A -2 C6. 6 16.0 18 16.4

A-I 3000 14.7 7. t 24 10.0
A-i 13.0 6.9 25 8.9

A-2 12.0 7.5 27 1tu.3

A-3 14.0 10.0 23 --

Series 0

Ti- I RT 132.2 108.4 16 42.4
l-I 131.2 113.0 17 41.3

B-I(b) 146.0 128.0 15 40.0

B-I(b) 148.0 132.0 14 40.0

B-2 96.1 -2.5 19 43.3

Ii-Y 97.0 69.8 1 41.3

B-3 152.5 122.8 13 41.3

B-3 136.1 118.3 17 45.4

B-I 1000 9ý. 8 86.0 3.5 39.5

0-1 96.2 86.0 5 38.0
U0-2 50.3 24.5 24 37.5

B-3 103.6 95.8 2.5 38.7

B-) 1500 88.8 82.1 35.0
B-1 89..3 81.0 3 38.0

B-I 94.0 88.5 3.5 J9.0

B-2 45.0 23.9 17 35.0

B-2 37.5 20.0 16 36.0

B-3 75. 5 69.0 3.5 35.0

B-3 90.2 83.9 4 38.0
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TABLE A-86. (Continued)

Tensile Yield Stuength Elongation in Modulus of

Shect Temperature, Strength. (0. 2¶T Offset). 1.5 Inches, Elasucity,

Idenuty F 1000 psi 1000 psi per cent 106 psi

Serict B (Continutted)

B-I 2000 74.6 68.9 4 29.0

01_I 85.2 ?7.1 4 31.0

g-l(b) 78.0 68.3 5 30.0

B-2 33.0 21.0 14 22.0

B-3 71.2 61.0 5.5 24.0

B-1 2500 35.2 28.8 10 22.5

B-I 27.0 19.5 12 20.0
2-2 25.0 16.8 20 18.5

B-2 25.0 17.1 16 22.0

B-3 33.0 32.0 18 17.3

B-3 42.8 39.0 5 19.0

B-I 3300 14.0 8.7 24 13.6

B-1 13.2 8.5 34 14.0

B-2 16.0 11.1 21 12.3
B-3 13.1 8. b 23 10.0

Series C

C-I RT 107.0 -- 3 43.1

C-I 105.0 912.6 8 44.3

C-2 75.0 -- 2 41.0
C.-2 84.0 79.1 1 45.7

C-3 111.0 37.0 10 41.8

C-3 110.0 97.3 4 44. u

C-4 125.0 102.0 20 46.1

C-4 128.0 105.0 15 43.6
C-5 99.4 68.1 21 45.4

C-5 102.0 71.8 -- 40.2

C-I 1000 61.5 57.0 12 40.0

C-2 58.0 50.8 14 37.0

C-3 74.8 73.1 8.7 36.0

C-4 89.3 82.2 4 39.0

C-5 4a.& 2b.8 20 36.0

C-1 1500 .7. 2 W.8 11.3 35.5

C-2 52.0 46.2 12.7 34.0

C-4 82.7 76.0 5 37.5
C-5 43.9 22.5 21 32.8

C-1 2000 48.4 45.5 1h 30.0
C-2 45.0 40.3 13.3 29.5
C-? 56.1 54.1 13 23.7

C-4 68.9 61.8 4,6 31.0

C-S 38.3 21.2 26 30.0
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TABLE A-86. (Continued)

Tensile Yield Strength Elongation i- Modulus of

Sheet Temperature, Strength, (0.2'Jo Offset). 1. 1 Inches, Elasticity.
Idenuty F 1000 psi 1000 psi per cent 106 psi

Series C ,Zonunued)

C-1 25(0 38.0 34.6 14.7 28.0

C-I 39.4 36.7 15.3 28.0

C-2 36.8 32.2 14.7 24.0

C-3 33.0 33.0 -- 21.2
C-3 43.2 42.0 13 29.5

C-4 25.8 15.8 16.? 26.0

C-5 27.1 16.2 20 24.5

C-1 3000 17.3 12.0 20 10.5
C-2 17.0 10.9 24 14.5

C-3 18.6 14.4 19 12.5

C-4 15.0 8.1 25 16.0
C-5 18.8 11.5 19 12.8

Series D

D-1 RT 122.0 119.0 1.3 42.0
D-1 '=. 0 118.0 -- 40.0

D-2a i20. Gj .' C'?. n.,

D-2a 122.0 106.0 19.0 37.0

D-2b 124.5 110.0 19.0 42.5

D-2b(b) 134.0 125.5 10.0 39.8

D-2b(b) 137.0 122.0 17.0 39.8

D-2c 132.0 118.0 17.0 42.0

D-2c 132.0 117.0 15.0 42.0

D-I 1000 76.0 71.5 7.3 36.0

D-2a 83.5 78.0 8.3 39.0

D-2b 84.0 76.0 8.3 33.0

D-2c 91.0 82.0 6.0 33.5

D-1 1500 77.9 76.9 4.3 30.5

D-1 73.0 72.0 5.7 30.5

D-2a 79.4 74 7 9.3 30.8

D-2b 78.2 72.0 8.3 32.0

D-2c 84.7 78.0 4.0 35.0

D-2c 85.5 79.0 3.3 32.0

D-1 2000 63.7 60.9 6.7 26.0

D-1 65.0 60.5 5.0 29.0

D-2a 67.2 63.2 8.0 28.0

D-2b 66.3 60.0 8.0 30.0

D-2c 7,.. 7 67.3 5.0 30.0
D-2c 73.0 67.0 9.3 26.6

D-1 2500 60.0 44.1 6.7 25.0

D-1 49.2 44.1 7.3 24.0

D-1 50.0 44.2 7.3 24.5

D-2a 55.8 51.8 10.0 24.2

D-2b 48.5 41.6 9.7 24.5

D-2b 48.2 42.1 10.6 24.0



A-ZOO

TABLE A-R6. (Conunued)

Tensile Yield Strength Elongation in Modulus of
Sheet Temperaure,. Strength. (0.2%Offset. 1. 5 Inches. Elasticity,

Identity F 1000 psi 1000 psi per cc,- 106 psi

Series D (Continued)

D-2c 1603 30.0 21.8 12.0 24.0
-2c ,54.2 46.3 5.8 23.0

D-2c 43.0 36.2 7.3 21.0

D-1 3000 15.8 9.4 15 9.2
D-1 14.6 9.0 14 12.7
D-2a 17.0 10.. 2Z, 9.8
D-2b 15.6 9.6 14 13.5
D-2c 16.3 9.4 13.5 14.2
D-2c 15.0 9.1 14.3 13.1

Series EH

u-- Rr 143.0 124.0 13 39.0
Eti-i 142.0 123.0 20 44.0
£H-i 144.0 125.0 19 40.5
Eli-2 160.0 151.0 9 40.5
EH-2 153.0 136.0 17 37.5
0H-3 104.0 81.0 30 40.0
01-3 100.0 78.0 27 40.5

Eli-1 100C 105.0 94.0 6.7 38.6
EH-2 120.0 110.0 2.7 39.0
Ei -3 W. 1 27.5 21.3 37.8

EH-I 1609 93.0 86.4 6.7 31.0
EH-2 102.0 94.7 3.3 33.0
-1•-3 47.9 2:.5 23.3 28.0

C"-l 2300 81.8 74.5 6.0 24.0
Eli-I 88.5 81.9 6.0 26.0
E0l-2 88.3 70.2 J. 1 28.0
01-2 E8.2 78.0 3.8 24.0
E1-3 41.0 24.9 15.3 23.6
El]-3 40.8 26.0 13.4 24.4

Ei-1 2500 58.9 50.4 7.3 17.3
E•l-1 41.0 34.8 9.3 16.0
Eli-2 47.6 40.9 3.3 15.5
E; 1 2 50.5 41.9 5.3 15.8
1•1-3 26.3 16.8 16.0 14.0
ElI-3 22.0 13.5 18.6 13.3

Eli-I 3010 J4.4 8.9 27.3 11.0
Ei-] M4.0 S.7 26..7 .. 2
01-2 16.4 10.1 V, 6.5
E01-3 12.8 8.2 23 6.5
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TABLE A-86. (Conunued)

Tensile Yield Strength Elongatson in Modulus of
Sheet Tcmperature. Strength. (0.2%Offset). 1.5 Inches, Elasticity.

Identity F 1000 psi 1000 psi pet cent 106 psi

,eties EG

EGA RT 132.0 117.0 13 38.7
EGA 132.0 118.0 12 40.0
EGB 127.0 112.0 -- 39.1
ECS 126.0 110.0 15 4C. 0
EGC 123.0 167.5 7.0 --

EGA 1000 92. 7 83.8 5.3 37.9
EGB 90.0 83.0 7.5 32.0

EGA 1500 85.0 78.; 4 32.1

EGB 78.8 74.0 7 26.0
EGC 80.2 78.0 4 5 34.0

EGA 2000 73.0 66.3 4 26.0
EGA 86.1 80.1 3.9 25.7
EGS 76.2 70.9 7 26.5
EGC 72.5 68.0 6 28.0

EGA 2500 60.8 52.8 5.3 15.6
EGA 56.0 47.5 5.3 14.0
EGB 63.9 56.4 5 21.8
EGC 37.8 33.0 12 20.3

EGA 3000 15, 0 9.4 26 6.5

EGP 15.2 9.0 20 11.0

Series EGX

EGX RT 136.0 122.0 13 40.0
139.0 124.0 14 40.2
142.0 126.0 12 37.8

146.0 130.0 16 40.5
142.0 128.0 13 40.0
1.0.0 12i.0 14 40.6

EGX 1000 101.0 93.1 3.3 37.2

99.8 91.0 3.3 39.0

ECX SO•U 9.5.9 89.0 2.7 34.0

92.0 86.6 3.0 35.0

EGX 2000 77.3 66.8 3.7 25.7

82.5 75.0 3.7 28.2
80.0 73.9 2.8 2C.0
80.0 73.9 3.0 28.8

EGX 200 51.0 45.2 3.9 1t;.'a

59.5 62.0 3.8 17.9
57.3 51.4 3.3 19.0

46.5 41.4 4.3 13.2
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TABLE A-86. (Continued)

Tensile Yield Strength Elongation in Modulus of
Sheet Temperature. Strength. (0.2* Offset). I. 5 inches. Elasticity.

Identity F 1000 psi loc0 Psi per cent 106 psi

Series EGX (Continued)

EGX 3000 16.5 S. L 24.7 6.6
1b.2 8.9 25.3 9.9

(a) Test Crndsons:

Atmosphere Argon-7b hydrogen
Hold Time at Temperature 5 min
Strain Rate to YS 0.001 in./in. /sec
Strain Rate From Yq to UTS 0.01 in. in. /scc
Method of Heating Resistance

(b) Transverse.
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Series A

Ro!I at 2460 F to 0.500in
Anneal at 2900 F for I hr
Roll to 0.227 in at 1830 F

/0 0.225/0232 in

Forged Slab annealed for 311/2 in
Hot shear

hr at 2900 F Anneal at 2900 F for I hr
9 in 9 in 9 in

X-rollat 1830 F

0080 in. V0.03in 0.80i

Recrystallized at
2500 to 2550 F
for I hr

AA-3 A-

Stress relieved at As rol led Stress relieved at
1920 F for I hr 1920 F for I hr

A-46012

FIGURE A-12I. FABRICATION HISTORY FOR TZM SHEET FOR WHICH
DATA ARE PRESENTED IN TABLE B-6-15
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Series B

Roll at 2460 F to 0500 in
Anneal of 2900 F 'or I hr
Roll to 0 225 in at 2100 F 32 1/4 in

0 0: O 220/0 228 in

Forged slab o.nneoled Hot shear

at 2900 F for I hr 4 9in C9 in 4,9 in

Anneal at 2900 F for I hr

X- roll at 2100 F

004 in 0040 in. 040 in

Stress reOeved at
1920 F for Ihr 2

B-I RecrystallIized I hr 2 500 F to 2550F

Recrystallized at
2500 F to 2550F B B-3
for I hr

Stress relieved at As rolled
1920 F for I hr A-46015

FIGURE A-121. (CONTINUED)
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Series C

Rol I a 0 419 /0 4ý22

2460 F

Hot-forged bar 2 Cut into 3 pieces,anneal at 2900 F for I hrunneoled at 2900OF /

for[ hr O 220 in Roll at 2460 F

& 04222 T1RlI t26

0 Z 0 220 in RollI at 2460 F

022 in Rol0t.46n

SOjo. J~n.

X- rol I at 2460 F
Anneal at 2900 F for I hr at 0. 150 in thick
Rolled to size at 2460 F

120 in O120 in. 20in

C-I •

Stress relieved RolI to 0 040 in
at 1920 F for I hr Rot 2460 F i

i 'nO_ piece of C-3

_. -2 /as rolled

Recrystallized at 2500 C-4 stress relieved
to 2550 F for I hr C-5 recrystallized at 1920 F for I hr

at 2500 to 2550 F A46083
for I hr

FIGURE A..- I_'1. (CONTINUED)
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Series D

29 1/2 in.

12900 FD-a D-1 Roll Gt // 0.241/0.250 in. J

D-2 / Roll at 2900 F

•to 1/2 in / Q226/0.229 in.
2 pieces hot forged D-2
bar annealed at
2900 F for I hr Roll D-2 from 1/2 in to 0226/0229 in. at 2100 F

Hot shear 2 pieces of D-I
13 1/2 in 12 1/4 in.

/ 0.2 50 in. 24/020in

-rol., at 2900 F Hot shear 3 pieces of 0-2
anneal at 2900 F for I hr

D1D112 1/2 in. 9 in 9 in
01 01 0226/ 0022/ 2[6/17

0.080 in. 0080 i0'22

D-2 D-2 D-2
Roll at 2llO0F

Roll at 2100 F Roll at 2100 F

D-2 0-2 F

0040 in 008 i ___.n20.

Hot shear and trim
Stress relieved at 1900 F for I hr

A-46016

FIGURE A-1i2. (CONTINUED)
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Series EH

Anneal at 2900 F for
I hr 15 3/4 in

atO 2100 F/ Anneal at
C/ 0.541/0 545 i 2900 F for

_ I hr

Forged and conditioned
2 x 5- in bar

lb 3/4 in Roll at
2100F

0.541/0545in ' / 0.470/0.475in

X-rol I
at 2100 F

Shear 2/
pSecer 0 219/0 229 in

/

'RoIlI to O080in at > RolI at

Z.100 F,shear 2 piec~s

Roll to 0040 in ot 2100 F

039/0043 0041/0043 0086/0090

in in. in0

EH 3 /EH-2 L EHIl

Recrystalized Stress relieved Stress relieved
at 2500 to 2550 at 1920 F for I hr at 1920 F for I hr
for I hr A-460i2

FIGURE A-I/. I. (CONTINUED)
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Series EG

Rol at
/EG/,I2 0 0 F

Forge and condition ')or \• Cut into 3 piecesanneal atAnneal at 2900 F for I hr 2900 F for I hr

Anneal at 2900 F for I hr
Rol IatS2 1 0 0 F "

/.n .in X-roll at 2100 F

X-roll /0.78,7

0120i• f / 0 All sheets stress
X-roll relieved at 1900 F

for I hr (EGA,EGB,
EGC, EGX, and EGX)

0 2 0 A 460512

in X-roil 04 :X

FIGURE - (CONTJNUED)
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160- 70-

t .. Te sl
140 - C " .6 tesl-

a C 120- 50 Y eld(02% offset)

o00 C 40 Reduction. --- •f in I "

area I
o�0 -w Elongation

C -+
60 0 20

Stress relieved
40- 10- Ihour at2200 F

2 0 
1

-80 -40 0 40 80 120

Temperature, F
160 - 70 - r _'6 r-I F _
140 - ...60 - RPcrystat 0lzedF I hour

10)- at 2600F

j~120 - 5 - 7 -
0 Te1*.... nsile Elongation

2 100- 40, Reduction in
2 Yield(O 2% offset),. .,-cr" ......

W 'D

60-- 60 20-- - 71
0/

20- -0°°
-100 -60 -20 20 60 100 120

Temperature, F A-46011

FIGURE A-122. LOW-TEMPERATURE TENSILE PROPERTIES OF CLIMAX
ARC-CAST STRESS-RELIEVED AND RECRYSTALLIZED
TZM BAR (5/8-INCH DIAMETER)( 5 )
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Temperature, C
R 1000 1100 1200 1300

- F -- -2_ 
_

100

CP .13tress relieved -

60

40 *....,-.-Recrystal lized ______

Stress relieved

C, Recrystallized______
E 40 ---- N_ _

O _______ jStress relieved_ -

a) e ______ rlievd _________Recrystallized 80u

le Recrystallized

04

* Elongation 20

Temperature, F A.359S5

FIGURE A-Its3. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF TZM( 1 5 )
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80. 
*..

Ui70
Ii6 1800 F

o 0 Elastic limit 51,300 psi -
o N Yield strength
.40 N~OVOfe 7400si-W 3 0 02% Offset 75,400 psi

0)020 Tensile strength 7 7r3 00 pzi
c7 0 Elongation 15 per cent
10 Reduction in area 71.3 per cent

o 05.%/mjn- 2%/in Lm2 6 10 0 4 8 12 16 20 24
103in /in le* in /in

Strain

80

70 2000 F

C)5 iElastic limit 51,500 psi
0 C Yield strength

2 0- 0 %Offsel 64,3W0 psi
Qi30 Oo) 02% Offset 67,200 psi

ciTensile strength 73,100 psi4 i 20 Elongatioii 17 per cent
q 10 Reductioninoreo 80 8 percent

0 05%./mmn + t *2%/min
2 6 10 0 4 8 12 16 20 24

163 in /in itai 0 2 in /in

60 - 1 . I I . _T

50- --- 2400 F

0 40- Elastic limit 18,400Ips
30 Yield Strength
2 0!%0tfsel 33,300 ps i~02%0Off- 39,300 psi

Lo 20 - Tensile strength 53,500 psi
- f4 Elongation 29 per cent

ic5 10 0 Redactioninoreo 93 3 per cent
0 0.5%/min 4-1 2%m

2 16 10 0 16 32 48 64

in/n Strain 16 n/n A-46009

FIGURE A-i~i. TYPICAL STRESS- STRAIN CURVES uF CLIMAX ARC-CAST
ROLLED TZM BAR (11/ 16-INCH DIAMETER) (5 )
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A - I -

Ini in6 2

o8

1uc0 RoJ...q I e,.pqtveq F

FIGURE .A-I-. EFFECT OF INITIAL ROLLI1G TEMPERATUR.ES ON THF
TENSILE PHOPL4TIES OF STRESS-RELIEVED TZM
SHEET A TA 2000 F( )

*40

Lo oil VOWS

F1i

'rw.4.'AM. r Al&o

FIGURE - I'b. EFFECT OF TEMPERATURE ON TIlE TENSILE-STRENGTI!
RANGE OF CLIMAX ARC-CAST TZ.M BAR AND SHEET45 )
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'5

Ternroture, F

FIGURE A-12 7. EFFECT OF TEMPERATURE ON THE ELONGATION
OF STRESS-RELIEVED TZM SHEET( 5 )

1SO

60 6 offset) -

0 800 1600 2400 3200

Temmroture, F

FIGURE )'-128. EFFECT OF TEMPERATURE ON THE STRENGTH OF
STRESS-RELIEVED TZM( 6 )

Test rate 0. 05 inch per inch per minute.

• o0, -, 4 -

28
s 20- - --

800 8 1600 400
'8 Temperota-re F A-46007

FIGURE .\-U,. EFFECT OF TEMPERATURE ON THE MODULUS
OF EL.SrICITY OF 'IZM(

1 7 )

Analyses 0.4976 Ti, 0.0711o Zr, and 0.019% C.
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TABLE A-87. ROOM-TEMPERATURE NOTCHED TENSILE PROPEITIES

OF STRESS-RELIEVED TZM SHEET(a)(
1 4

)

Notched Notched Tensile

Notch Notch Sheet Tensile Elongation in Strength/Unnotched

Radius, Width, Thickness, Strength, 3/4 Inch, Tensile Strength

incl. inch inch Kt 1000 psi per cent Ratio

0.013 0.384 0.044 4.1 142.0 1.2 1.06

0.013 0.385 0.044 4.1 1 3 9 . 0 (b) ....

0.003 0.417 0.054 8.3 136.0 3.0 1.01
0.003 0.411 0.8b4 8.3 135.5 2.0 1.0

(a) Stress relieved 1 hour at 2200 F. Test rate 0.005 ,nch per inch per m,nute to yseldirg, then 0.03 inch
per inch per minute to fracture. Nominal carbon content 0.04 per cent.

(b) Fracture occurred in loading pinhole.

TABLE A-88. STRESS-RUPTURE DATA FOR STRESS-RELIEVED AND RECRYSTALLIZED

TZM SHEET (1/16 INCH) AT 1800 F(a)(8)

Suess. 1000 psi. to Produce Rupture

Condition I Hour 10 Hours 100 Hours

Stress relieved 1 hour at 2200 F 73.0 67.0 60.5

Recrystallized I hour at 2650 F 46.0 40.0 35.0

(a) Carbon content 0.019 per cent.

TABLE A-F9. CREEP AND STRESS-RUPTURE PROPERTiES OF STRESS-RELIEVED AND
RECRYSTALLIZED TZM AT 1800 AND 2400 F(a)(18)

Rupture Reduction

Temperature. Stress. Creep Rate. Time, Elongation. in Area.
Cc:dstion F 1000 psi per cent/hour hours per ct -it per cent

Stress rclehecd 1800 Rs. 0 0.34 11.0 16.0 74.0

80.0 0.08 65.3 17.3 75.3

2400 35.0 1.50 2.6 26. 81.9
27.0 0.44 4.0 27.9 89.9

Rccr)stallizcd 1300 40.0 0.005 3 3 4 .*(b) 8.4 --

35.0 0.004 4 7 0 .jb) 3.--

2400 20.. 0.90 15.0 41.7 92.3

16.0 0.46 32.9 37.0 86.8

(a) Analyses 0.40k, li, 0.08/,*Zr, and 0.08114C.
(b) Test discontinued.
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TALE A-90. CREEP AND STRESS-RUPTURE PRIPERTIES O CULMAX ARC-CAST
TZM BAR AND SHEET AT 1800 TO 3000 F(5)

Minimum

Creep Ruptup iteduction

Temperature. Saews. Raet. Time. Elongatio. In Area.
Material Coditlcon F 1000 pal per cent/hr hours per cent per cent

Bar. 1/2.lnch diameter Sutes relieved, 2200 F 1800 70 0.13 18.6 14 98
70 0.033 00.6 13 73
22 0.03 79.0 15 78
77 0.09 32.5 15 83

Recrystallized 37 0.005 2T,6.(a) 8 --
40 -- (b) 35 93
40 2.0 7.5 29 90

40 0.037 51.8 25 66
45 "- 0.1 35 92

Sheet. 1/18 lncns .trcss rclievcd, 2200 F 65 0.13 20.0 6 -

70 -5 0.1 8

Recrystallizud 3j ill 326. 1(a) 3
25 0. 045 95.1 16
40 1.1 10.9 24

45 -- (b) 29

Bar. 1/2-Inch diameter Stress relievcd(c) 2000 10 0.001 132.6 12 .56
55 -- 1 43.2(a) 3 1
60 0.018 23.9 18 84
65 -- 6.2 25 48

Recrystallized 27 0.059 213.8 27 67
30 -- 119.5 34 96
33 0.07 44.0 28 66

34 -- 10.8 24 76

Bar. 1/2-inch diameter Stress reUeved, 2300 F 2400 14 -- 40.0 65 95
22 -- 10.1 25 96

32 - 3.5 21 88

Recrystallized 14 - 40.2 57 95
18 -- 26.3 40 97
20 -- 16.1 68 97

Bar. 3/4.lnch diameter Recrystallized 3000 3.5 0.07 2,. 0 89 99
5.0 2.2 3.9S .0 09

(a) Test discontinused.
(b) On loading.
(c) First and third tests - 2200 F: other two - 2300 F.

Note: The following stresa-rupture strengths are derived from these data.

100-Hour Rupture Strength. 1000 psi
1800 2000 24-0 3000 F

Bar
Stress relieved 70 04 IOE -

Recrystalllzed 39 30 IOE 2.7M(E)
Sheet

Stress relieved 80E ....

Recrystallized 35 .

(a) E - extrapolated on basis of available data.
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TABLE A-91. CREEP PROPERTIES OF TZM SHEET SERIES A-1(a b)(11)

Loading Elongation in

"I eiperature, Stress. Strain. Time, see, to Produce Indicated Plastic Creep 1. 5 Incha,.

F 1000 psi per cent .050h 0..
0k 0.4- '17% 2' 47t, per cent

2000 55 0.2 7.6 123 1747 --.. .. 8.7

2500 12 0.03 32 950 3600 -- 4. C
15 0.07 7.q 93 217 415 768 20120 24.0

3000 6 -- 61 245 767 1096" 1600 1978 24. 7
7 1.07 li 122 480 1125 1962 3'540 04.7

(a) Fabrication history, conversion variables, and interstitial analyses for data presented in this table were given previously

(see Figure A-121 and Tables A-84 and A-85).

(b) 1 est Condluons

Atmosphere Argon-757'F hydrogen

Shect Thickness 0. 080 inch
Method of Heating Resistance
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50

0)

20-

0.2 0.4 06 2 4 6 10 20

Time, hours A46084

FIGURE A-130. CREEP BEHiAVIOR OF DISILICIDE COAl ED TZM
IN AIR AT 2000
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rABLE A-93. HARDNESS SPECIFICATION FOR WROUGHT AND

RECRYSTALLIZED ARC-CAS r TZM BARS(a)(
2
)

Diameter, Hardness. DPH(b)

ilches Minimum Mhaximum

Over 13/32 to 7/8 260 J2

Over 7/8 to I-I/V 250 310

Over 1-1/8 to 1-7/8 245 300

Over 1-7/8 to 2-7/8 240 290

Over 2-7/8 to 3-1/2 235 28,

Over 3-1/2 to 4-1/2 230 98 A

Recrystallized

Over 13/32 to 4-1/2 -- 215

(a) Hardness determined at mid-radzus of bar

(b) 10-kg load.

TABLE A-94. EFFECT OF TEMPERAMIURE ON TIlE HARDNESS

OF AS-CAST TZM(
6

)

Temperature, Hardness,
F DpH(a)

so i72

1600 82

2000 82
2200 s0
2400 75

2600 65
2800 55
3000 38

(a) 6-kg load.
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Ree-pllice. iege-too speom

2- forged/. of WO

p 10 OU io ,,s of ++ =0 F

LR•OI E~uChr by of 240 F

FIGURE A-131. EFFECT OF LINEAR F'ORO!NG -REDUCTIONI A+ND ANNEALING"'
ON THE ROOM-TEMPERATURE HARDNESS OF TZM(

5
)

-20 . . I*^ oI I
00

20 • - . 1 '137, --

240 k/o I,_. i i
I ~ 21.000 ps.

(53S ) Ewigtio fl sCl o ~ftsp eamo.

20 II 15 ,11.) bosW on" ff 1/4 n o,1 I

0lRewyslikze specirem 1a.gd c200 F

-0 QnMd e~ 4'W 1 00 has of 2200 FIII
0 90 20 30 40 50 60 70

Lino Rsducn~ by Forging, par cent " *OS

FIGURE A.- 132. EFFECT OF LINEAR FORGING REDUCTION AND HEATING UNDER
LMPOSSED STRESSES ON THE ROOM-TEMPERATURE H-ARDNESS
OF TZM(

5 )
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TABLE A-95. BEND-TEST DATA FOR TZM SHEET (1/16 INCH0)(
8
)

Carbon Specimen Temperature. F. for Bcnd Angle

Ccntent, orientatnon(a). Indicated Bend Angle at 75 F.
weight per cent Condition degrees 10 Degrees 90 Degrees degrees

0.019 As rolled 0 9 16 140

Stress relieved 0 -6 -1 140

Recrystallized 0 91 101 0

As rolled 90 100 415 6
Stress relieved 90 88 298 r
Recrystallized 90 90 172 5

0.3054 As rolled 0 -70 -16 138

St•ess relieved 0 5! 191 23
Recrystallized 0 190 192 0
As rolled 90 -6 390 39
Stress rehieed 90 95 97 2

Recrystallized 90 206 208 0

(a) Orientation of long dimension with rolling direction.

140 A-- - ,•
120 J A No surface preparation _

100 A 0.005 in. removed by
8so, chemical millng_

S60 0019 % C

20 4 A II
". a

C J

< 120 0054% C

60 #- No surface -
40- 0 A- preparation

02C - - A 0004 in removed

0 1 . by chemical mil ling
-140 -60 20 100 180 260 340 420

Temperature, F A 46086

FIGURE A-133. EFFECT OF TEMPERATURE AND AMOUNT OF SURFACE REMOVED
BY CHEMICAL MILLING ON THE BEND PROPERTIES OF STRESS-
RELIEVED TZM SHEET (1/ 16 INCH)( 8 )

Stress relieved 15 minutes at 2000 F. Specimens cut parallel to

rolling direction.
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4. Metallurgical Pioperties

a. Fabricabihlty: arc-cast billets can be successfully extruded at temperatures
from 280G to 4000 F using reduction ratios of up to 8:1(12), the
most uniform. fine. hot-forged structure is produced in ex-
truded billets forged at 3000 to 3200 F( 19 ), mold-out properties
have shown that 0. 125-inch material is best produced from
extruded ingot and hot-forged sheet bar using rolling tempera-
tures of 2800 F(2 0 ); material can be rolled to thin strip (0. 040
inch) at 100 microns of pressure up to 2000 F and exposure
times of 15 to 45 minutes without contamination(2l);, recom-
mended working temperature after extrusion is illustrated in
Figure A- 134

b. Transition temperature: Table A-96
Figures A-135 and A-136

c. Weldability: can be welded using fusion or resistance techniques; preheating
to 400 to 600 F is recommended; thorough chemical cleaning or
electroplating of surface to be joined is essential, property
welded material is room-temperature ductile;, welding character-
istics (less spatter, sounder weldments) are normally better than
either thoqe of iinllnyýpd mnlyhdptium or Mo-0. 5Ti - this is
thought to be associated with the combined gettering effects of
both titanium and zirconium(2 3 )

d. Stress-relief temperature: 1/4 to 1 hour at 2000 to 2300 F for bar and sheet
material( 5 , 8)

e. Recrystallization temperature:, Tables A-97 through A-100
Figures A-137 through A-142
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2201

2100--

2000 -

E

1900

50 55 60 65 70 75 60 85 90 95
A46087

Reductio, per cent

FIG'URE A-134. APPROXIMATE RECOMMENDED WORKING TEMPERATURES
FOR CORRESPONDING AMOUN4TS OF HOT-COLD WORK
FOR ARC-CAST TZM( 2 2 )
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TABLE A-96. BEND- AND TENSILE-TRANSITION-TEMPERATURE
RANGES FOR TZM BAR AND SHEET(6)

Transztion -Temperature
Form Condition Range. F

Bend(a)

Sheet, 0.040 inch Stre.s relieved <-100
Recrystallized (50%). 1/2 hour 2500 F 0 to -25
Recrystallized -2b to -73

Sheet. 0.015 inch Stress relieved <-100
Recrystallized (50%). 1/2 hour 2000 F -75 to -100
Recry.-tallized -25 to -75

Tensile(b)

Bar, 5/8-inch round Stress relieved -2 to -13
-3 tO -12

Recrystallized +31 to -45

+51 to -12

Sheet, 1/16 inch As rolIcd +72 to <-60
Stress relieved, 2200 F -42 to -60
Recrystallized +29 to -10

(a) 3T bend radiu uising a ram rate of about 10 inches per minute.
(b) Range corresponding to 20 and 80 per cent maximum elongation.
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Stress
- releved

1 Trans' erse Transverse

so- Paralel Parallel -I / I

40

I / Recrystallhzed
.0 I

0

-60 -40 0 40 60 120

Temperature, F

FIGURE A- 135. BEND-TRANSITION BEHAVIOR OF STRESS-RELIEVED
AND RECRYSTALLIZED TZM SHEET (5)

0'

-t0 -40 0 40 80 120 160 200 2.40 280
Transition Temperature, F A 46000

FIGURE A-136. EFFECT OF ROLLING REDUCTION ON THE BEND-
TRANSITION TEMPERATURE OF TZM SHEET( 1 )

Bend radius IT
Bending rate I inch per minute

Min2mu,'n bend angle 90 degrees.
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TABLE A-97. hARDNESS AND RECRYSFALLIZATION OF FORGED TZrM(aXl2)

lHardess and Per Cer't RecrystalhizatLon After I-Hour
Fc ryn• Forged Exposure at Indicated Temperature

Reduction, Hardness, 2800 F 3000 F 19f0( F 3400 F 3,300 F

per cent DPII DPH 14 DPH o DPH t, DPH "IV DPH

20 238 223 10 203 20 203 40 193 30 165 i00
40 243 20; 29 206 40 200 60 193 90 173 100

00 243 206 20 214 40 200 60 193 Iou 176 100

73 243 200 40 220 50 197 70 176 100 193 :00

(a) Forved at 1900 F.

TABLE A-9.14. INFLUENCE OF FORGINU ' EMPEMITURE AND FORGING REDUCTION
ON TIHE RECRYSTALLIZATION BEHAVIOR OF TZNI(

20
)

A ppro\imate i-Hour A nnsealing

Foreing Tcmptrature for Recr.stallizations F
I emperaturL. Reducton, Recrstallhzatson Recrystallization

F per chii Blegils Conmplete

2200 30 
2

U00 2800

60 2500 2700

2400 1K -- 3000
30 "000 2800

0- - 2700

2U00 10 28j0 3200
30 2u00 3000

60 - - 2700

3400 10 3000 3200
Jo 2800 3000

nO 271 o 2800

TABLE A-)). STFECM OF ANNEAUNG TEMPERATURE ON RECRYSTALLIZATION

AND HARDNESS OF IM SIEEl (I i)

I-IHour Annealing
Temperature, Rectys3a1lization, Hardness.

F per cent VIIN

As rcceived(• 0 310
2200 0 327

"2400 .50 232
2000 100 204
2600 100 206

f"800 100 205

(a) Stess reliehcd I hour a, 2200 F.
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TABLE A-100. EFFECT OF EXPOSURE TIME AT 2200 F IN ARGON ON THE MICROSTRUCTURE
OF VARIOUS AS-ROLLED AND STRESS-RELIEVED TZM SHEETS( 1)

Reduction
Sheet After Last

Tlucomess, Recrystallizatuon, Microstructure After Exposure at indicated Tites
inch Conditicn per cent 1 Hour 5 Hours 16 Hours 24 Hours

0.080 Stress relieved 65 No change --

0.080 As rolled 65 - No change
0.040 Stress relieved 82 No changc Slight recrystalhzation
0.040 At rolled 82 No change Slight rrcrostallizauon
U. li0 Stress relieved 20 No rcle'an. - _

0.120 As soiled 20 No change
0.040 Stress relieved 73 - No change Slight recrystallization
0.080 At rolled -- No change Slight recr)stallization, still told-worked structure
0.120 Stress relieved 47 No change
0.080 Stress relieved 65 - No change
0. 040 Stress reheved 82 - .- No change Slight rmcr)stallization
0.08k Stress relieved 84 No change Slight rccrystallization
0.040 Stress relieved 93 No change Vcr% shght Noticeable

recrvstallizaritin recrystalhization
O.003 Strcs releved 67 No chantee Ver) tgi,., ..tt; lhizatiulv,
0.018 Stress relieved ft I No change
0.117 Strets relieved 42 No change
0.040 Streis rel,:vcd 92 No change Very slight Noticeable

ecrymiallization recrystaliizauoi
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FIGURE A-137. EFFECT OF DEFORMATION ON THE MINIMUM TEMPERATURE
FOR COMPLETE RECRYSTALLIZATION OF ARC-CAST TZM( 2 2 )

FIGURE A-138. EFFECT OF PPTOR REDUCTION ON THE RECRYSTALLIZATION
TEMPERATURE OF ROLLED TZM BAR (5/8-INCH DIAMETER)(Z6)

Rolled at 2200 F to indicated reduction.

FIGURE A-I 9. RECRYSTALLIZATION FEHAVIOR OF WROUGHT TZM BARS
REDUCED 50 PER CENT OR MORE BY ROLLING OR
FORGING BELOW THE RECRYSTALLIZATION
TE?4PE RA TU RE'5)
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°D 0
60 10 I 60 10 1

o0 minl mi min m mi

oN40-

o Reduced Reduced

2500 2700 290 3100 2500 2700 2900 3100
Temperature, F

60 loi II
i 60 - min min 60 -- 10 1] / an j/m iBC

2500 2700 219oo 3100a7o0 2900 31oo 3300-- r rn -

0 Reduced Rdc

Q 60S~mil-- °39 208 l%

2700 2900 3100 3300

Temperature, F A-46oo5

a Rolled at 2200 F

FIGURE A- 140. RECRYSTALLIZATION BEHAVIOR AS A FUNCTION OF TIME
AND TE•MPERATURE FOR TZM F.ARS ROLLED TO
INDICATED REDUCTIONS( 2 4 )

Analyse.s 0. 49,,.'2", C. C57% Zr, and 0.031% C.
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FIGURE .- i 1,. (CONTINUED)
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100c
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o 40,,5000 ,,,--
1- .e/ 4e 2000 Reduced

u. 20 psi 90 1%
U I

2500 2550 2600 2650 2700 E750 2800
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10011
Q) 5000 psiso• 1#4 ,4000 p•,/l
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B 40 4000 z-K. I .
= ~*Jpsi 0.* 0 ps;

280:) 2850 2900 2950 3000 3050 3100

Temperoture, F A-46004

FIGUR E A- l 1. RECR s FALLI/.ATION BEHAVIOR AS A FUNC'I ION OF
TEMPERATURE AND EXTERNALLY APPLIED STRESS
FOR TZM BARS(2 4 )

Anmna) d f'jr 0-m11ute perzod.

Stibhcted to andicated ,clductlon ;.t 2200 F

Ai al)y' s 6. . "', ' i, i)' 057% Zr. and 0. 031% C.
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A 46089

FIGURE A-142. EFFECT OF ANNEALING TEMPERATURE AND TIME ON THE

HARDNESS OF TZM SHEET (1/16 INCH)( 8 )

0.019%0 carbon.



A-235

References

(1) "Specification for Climelt Molybdenum-0.5 Per Cent Titanium-0.08 Per Cent
Zirconium (TZM) Forging Billets", Climax Molybdenum Co., Specification
Number CMX-FB-TZM-2 (October, 1961).

(2) "Specification for Climelt Molybdenum-0. 5 Per Cent Titanium-0. 08 Per Cent
Zirconium (TZM) Wrought Bars", Climax Molybdenum Co., Specification Number
CMX-WB-TZM-l (October, 1961).

(3) "Specification for Climelt TZM Sheet", Climax Molybdenum Co., Specification
Number CMX-S-TZM-1 (June, 196Z).

(4) "Molybdenum + 0. 5% Titanium + 0. 1% Zirconium Sheet", Universal Cyclops Steel
Corp., Specification No. MTZS-61-11 (November 28, 1961).

(5) "Developments] Data Climelt TZM", Climax Molybdenum Co. (January, 19bz).

(6) Private communication from G. D. McArdle, Clinax Molyhd(. unj 'o. (1963).

(7) Semchyshen, M., McArdle, G. D., and Barr, R. Q., I . v:l,.~:ment of
Molybdenum-Base Alloys", Climax Molybdenum Co., Wz J, :R 59-280
(October, 1959).

(8) Semchysher., M., and Barr, R. Q., "Mechanical Properties of Molybdenum and
Molybdenum-Base Alloy Sheet", ASTM STP No. 272 (1959).

(9) Savage, C. H. , and Root, D. C. , "Determination of Mechanical and Thermo-
physical Properties of Coated Refractory and Superalloy Thin Sheet", North
American Aviaton, Inc. , Contract No. AF 33(657)-9416, Th~rd Progress Report
(April 15, 1963).

(10) Savage, C. H. , and Root, D. C. , "Determination of Mechanical and Thermo-
physical Properties of Coated Refractory and Superalloy Thin Sheet", North
American Aviation, Inc , Contrac-t No. AF 33(657)-9416, Second Progress
Report (January 15, 1963).

(11) Jones, 0. Jr. , Bennett, A. , and Albom, M. J. . "Fabrication Techniques and
Mechanical Properties at Elevated Temperatures of TZM Alloy Sheet", The
Marquardt Corp. , ASD-TDR-62-936 (September 14, 1962).

(12) C. nahan, D. R. , and Visconti, J. A. , "The Extrusion, Forging, Rolling, and
E- a.uation of Refractory Alloys", Westinghouse Electric Corp. . ASD-TDR-
b2-67" (October, 1962).

(13) Priýcte communication from R. B. Bargainnier, Sylvania Electric Products, Inc.
(1963).

(14) Neff, C. W. , Frank, R. G. , and Luft, L. , "Refractory Metals Structural Devel-
opment Program", McDonnell Aircraft Corp. and General Electric Co. , Refrac-
tory Alloy and Coating Development, ASD TR 61-392, Vol. 11 (October, 1961).



A-236

(15) Technical Note, Climax Molybdenum Co. (February, 1959).

(l) "Arc-Cast Molybdenum and Its Alloys, Mechanical and Elevated Temperature
Properties ', Climax Mclybdenum Co.

(17) Barr, R. Q. , and Semchyshen, N_. , "Stress-Strain Curves for Wrought Molyb-
denum and Three Molybdenum-Base Alloys", Climax Molybdenum Co.
(December, 1959).

(18) Semchyshen, M. , McArdle, G. D. , and Barr, R. Q., "Development of High
Strengths and High Recrystallization Temperatures in Molybdenum-Base Alloys",
Climax Molybdenum Co , WADC TR 48-551 (February, 1959).

(19) Houck, J. A., "Review of Recent Developments - Molybdenum and Molybdenum-
Base Alloys", Battelle Memorial Institute, DMIC (March 22, 1963).

(20) Houck, J. A., "Review of Recent Developments - Molybdenum and Molybdenum-
Base Alloys", Battelle Memorial Institute, DMIC (June 28, 1963).

(21) Cortes, F. R., "Determination of The Effects of Processing Refractory Metals
Under Vacuum", Universal Cyclops Steel Corp., ASD-TDR-bu-618 (February,
1963).

(22) "Forging of Vacuum Arc-Cast Molybdenum, Mo + 0. 5% Ti and Mo + 0. 5% Ti +
0. 1% Zr (TZM)", Universal Cyclops Steel Corp. , Technical Bulletin No. 2 5. 3
(September 25, 1962).

(23) Private communication from F. Nair, Climax Molybdenum Co. (1963).

(24) Semchyshen, M., and Barr, F. 0., "Extrusion and Mechanical Properties of
Some Molybdenum- and Tungsten-Base Alloys", Climax Molybdenum Co.,
ASD TR 61-193 (May, 1961).

(25) Henning, 1I. J., et al., "A Study of Forging Variables", Battelle Memoiial
Institute, Interim Reports, Contract No. AF 33(600)-42963 (October, 1961 and
January, 1962).

(26) Seimchyshen, M. , barr, R. Q. , and McArdle, G. D., "Ef"ect of Thermal-
Mechanical Variables on the Properties of Molybdenum Alloys, Climax
Molybdenum Co. , WADD TR 60-451 (1960).



A-237

Mo-i. 2Ti-0. 25Zr-0. 15C

1. Identification of Material

a. Designation: TZC

b. Chemical composition: Mo-1.2Ti-0.25Zr-0.150

c. Forms available: ingot and fabricated shapes on a best-efforts basLs

2. Physical Properties

a. Density: 0. 363 lb/in. 3 (calculated)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Table A-101

Tensile yield strength: Table A- 101

Elongation: Table A-101

Reduction in area: Table A-101

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-102 through A-I04
Figures A-143 through A- 146

Tensile yieid strength: Table A-102
Figures A-143 and A-144

Elongation: Table A-102
Figures A-143 through A-145

Reduction in area: Table A-102

c. Creep and Stress-Rupture Properties

Tables A-105 through A-108
Figure A-147

d. Other Selected Mechanical Properties

Bend ductility: Figures A-148 through A-150
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TABLE A-101. ROOM-TEMPERATURE TEI!SILE PROPERTIES OF TZC BAR AND SHEET

Tensile Yield Reduction

Strength, Strength, Elongation, in Area.

Condition 1000 p31 1000 psi per cent per cent

BaraXi)

Stress relieved. 1 hour 2200 F 143.6 104. 8 (b) 22 36.0

Pecr, stallized. 1 hour S400 F 84.9 6 2. 3 (c) 8 8.6

bhe~et (0.01tu lncn)(dXZ)

Stress relieved, 288 VHN 112.9 (T) 104.6 (T) 22 (T) 34 (r)

Slicet (0.045 lnch__eX3)

Stress relieved 128.9 (L) 124.1 (L) 0 (L) --

Stress relieved 99.3 (T) -- 0 (T) -

CR, Stress relieved 154.8 (L) 13%50 ,L) 0. 1 (L) -

CR. Stress relieved 39.4 (T) . - 0 --

(a) Test rate 0. 0005 inch per inch per minunc through yielding, then 0.01 mctn per inch per minute to
fracture. Analyses 1.231 Ti, 0.27% Zr, and 0.140b C.

(b,) 0. 1 per cent offset.

(c) Drop in load yield strength.
(d) Analyses 1.12%o Ti. 0.135/ Lr, and 0. 131% C.
(c) Stress relieved 1 hour at 2200 F. Analyses 1.35% ",Ti 0.15%iL Zt, and 0.13% C.

it
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TABLE A-102. TENSILE PROPERTIES OF TZC BAR AND SHEET AT 1800 TO 2400 F

Tensile Yield Reduction
Temperature, Strength, Strength, Elongation, in Area,

Conditlon F 1000 psi 1000 psi per cent per cent

BaaXl)

Stress relieved. 1 hour 2200 F 1800 91.9 64. 6 (b) 17.5 77.8

2400 03.6 4 1 . 5 (b) 26 806.9

Recrystallized. 1 hour 3400 F 1800 67.4 1 7 . 7 (b) 27.5 71.3

2400 57.1 17.3(b) 36 77.8

Sheet (0. 070 lnchXC)(
2
)

Stress relieved 1800 65.0 55.0 8.5

Stress relieved 2000 bb. 2•(L) 0U.4 (L) 10 tL,)

Stress relieved 2000 61.1 (T) -- 6 (T) --

Stress relieved 2200 49.0 (L) 41.0 (L) 11 (L) --

Stress relieved 2200 53.4 (T) 42.5 (T) 8 (T) --

Sheet (0.045 lnchbdX
3
)

Sorest relieved 2000 102. 1 (L) 91.5 (L) 14.5 (L) --

Stress relicved 2000 110.5 (T) 96.0 (T) 2.8 () - -

CR. Stress relieved 2000 98.0 (L) 90.5 (L) 10.2 (L)
CR. Stress relieved 2000 109.9 (T) 93.0 (T) 8.3 (T)

Stress relieved 2200 62.8 52.4 5.8

CR. Stress relieved 2200 74.9 (L) 60.9 (L) 4.8 (L)
CR. Stress relieved 2200 75.1 (T) 49. 2 (T) 10. 8 (T) -o

(a) Test tate 0.0005 inch per inch per minute througn yietaing, then 0.01 inch per inch pert tinute to fractur".

Analyses 1.23% Ti, 0.27 jo Zr, and 0.14% C,
(i) 0.1 per cent offset.

(c) Analyses 1.121b Ti, 0. 130 Zr, and 0. 131%/o C.
(d) Stress relieved 1 hour at 2200 F. Analyses 1.35% Ti, 0. 15% Zr, and 0. 13% C.
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TABLE A- 03. EFFECT OF COMPOSITION. STRUCTURAL CONDITIO.•, AND TEMPERATURE ON THE TENSILE STRENGTH OF

CLIMAX ARC-CAST TZd(
4
)

Composition,

weight per cent Sirucuural Condition Rolled Size. Tensile Strength, 1000 psi, at Indicated Temperature

Ti Zr C Prior to Final Rolling inrh RT 1000 F 2200 F 2400 F 3000 F 3500 F

1.25 0.20 0.054 t..crystalihzed 1/2 round 149.8 9b.4 -- 5b.' 13.7 --

1.25 0.32 0.058 Recry,;allized Ditto -- . 71.2 - - 13.8 --

1.25 0.32 0.058 Solln. treated .. .. 94.9 -- 30.2 --

1.25 0.32 0.058 Soln. treated and aged .. .. 96.2 -- 17.5 --
1.23 0.13 0.097 Recrystallized 147.0 98.9 -- 58.0 13.4 --

1.30 0.29 0.12 Recrystalized .. .. 76.1 -- 13.7 --

1.30 0.29 0.12 Soln. treated ..-- 15.0 --

1.30 0.29 0.12 Soln. treated and aged .. .. 89.3 .. -- -

1.24 0.31 0.13 Recrystallized 5/8 round - 66.1 -- 51.4 --..

1.29 0.15 0.1) Ditto 0.012 sheet 125.0 -.. . 49.2 10.4 --

1.29 0.15 0.1.1 0.020 sheet 129.4 -.. . 48.6 10.6 --

1.23 0.27 0.14 1/2 round 143.6 91.9 -- 63.6 12.7 6.5
1.17 0.27 0.15 0.050 sheet 140.4 -- . 51.8 -- --

1.45 0.31 0.20 Soln. treated and aged 1/2 round -.. .. .. . 24.9

1.22 0.31 0.23 Recrystallized 3/8 round 125.1 76.7 - 58.2 .

1.27 0.29 0.30 Recry.stallized 1/2 round 120.6 91.2 - 60.8 .. ..

TABLE A-104. EFFECT OF COMPOSITION AND TEMPERATURE ON THE TENSILE STRENGTH OF CLIMAX
ARC-CAST TZC(a)(

4
)

Composition,
weight per cent Rolled Size. Tensie Strength, 1000 psi, at Indicated I enmperfture

Ti Zr C ,nch Rf 1800 F 2200 F 2400 F 3000 F 3500 F

1.14 0.32 0.014 1/2 round -- 40.7 -. -- -- --

1.25 0.20 0.054 Ditto 92.1 C2.3 -- 29.1 13.4 --

1.25 0.20 0.054 .. .. .... 2 4 . 5 (b) --
1.21 0.32 0.058 .. .. 33.0 -- 13.6
1.25 0.32 0.058 .. .. 4 4 . 0(c) -- 24.2(c)
1.23 0.13 0.097 64.,1 6"'. 9 -- 30.! 14.2 --

1.23 0.11 0.097 .. .. .... L6.d(b) --

1.30 0.29 0.12 .. .. 36.4 -- 13.9 --

1.30 0.29 0.12 .. .. 56.6(c) -- 31.1(e) --

1.24 0.31 0. 13 5/8 round -- 65.6 -- 63.5 .. .

1,29 0.15 0. 1Y 0.012 sheet 65.4 .. .. 51.2 13.-,
1.29 e. 15 0.13 0. 020 sheet 76.0 -.. . 5% 4 1 .." --

1.27 0.27 0.14 1/2 round 84.9 67.4 -- 57.1 18.5 10.1

1.17 0.27 0.15 0. 050 sheet 99.6 .. .. '31.4 11.5 --

1,17 0.27 0.15 0. 050 sheet .. .-. .. 19..2(b) --

1,22 0.31 0.2-1 5/8 round 79.4 66.8 -- 67.5 -.. .
1,27 0.29 O. 30 1/2 round 87.0 61.4 -- 46.0 -.. -

(a) Recrystallized pror v) final rolling.

(t.) Solutici treated after rolling.

(0) Sotution treated and. ged after rolhi-g.
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TABLE A-105. CREEP AND STRESS-RUPTUPE PROPERTIES OF TZC BAR AT 1800 AND 2400 F(`X1)

Rupture Reduction

Temperature. Stress, Minimum Creep Rate. T)me, Elongation. in Area,
Condition F 1000 psi per c,:nt/bour hours per cent per cent

Stress relieved, 1 hour 2200 F 1800 75.0 1.12 2.2 20 75.5
69.0 -- 45.4 20 79.8

2400 35.0 1.39 3.3 34 88.0

Recrystallized, 1 hour 3400 F 1800 55.0 -- 1 7 0 . 5 (b) 9 7.9
53.01 92.7(b) a 6.3

2400 32.0 0.023 3S.3 38 83.0

27.0 -- 1 5 1 . 6 (b) 1 0.4

(a) Analyses 1.8231T. T ., 0.27 Zr, and 0. 14 %C.
(L9 Ti:it U'.U•.vAIUuU.

TABLE A-106. I- AND 10-HOUR RUPTURE STRENGTHS OF TZC BAR AT

1800 AND 2400 p(aXl)

Stress, 1000 psi, to
Temperature, Produce Rupture

Condition F 1 Hour 10 Hours

Stress relieved, 1 hour 2200 F 1800 76." 72.0

2400 42.0 29.0

Recrystallized. I hour 3400 F !Soo 65.0 60.0
2400 50. C 38.5

(a) Analyse 1.23% Ti, 0.2747oZr. and 0. 145o C.
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TABLE A-107. STRESS-RUPTURE PROPERTIES OF STRESS-RELIEVED TZC AT 2200 AND 2500 F(
2
)

Rupture Reduction

Temperature. Stress, Time, Elongation, in Area.

F i000 psi hours per cent per cent

1.2% Ti. 0. 13% Zr. and 0. 13% C

2200 32.0 30.3 24.0 73.0

30.0 40.6 27.0 82.0

27.0 78.2 27.5 83.0
25.0 179.0 13.0 46.0

20.0 322.0 20.0 79.0

2&00 20.0 10.8 24.0 77.0

17.0 67.0 23.0 70.0

1.2V* Ti. 0. 15% Zr, and 0. 16 GY C

2200 20.0 1000+ 5.0 --

25.0 231.0 12.8 --

30.0 69.0 18.8 --

da. u b. 8 13.7

2500 17.0 108.8 2-.0

TABLE A-1.08. EFFECT OF COMPOSITION AND TEMPERATURE ON THE STRESS-RInTUIRE PROPERTIES OF

CLIMAX ARC-CAST TZC(a)(4)

Stress, 1000 psi, to Produce Rupture in

Composition. 10 Hours at Indicated Temperature. F
weiRht per cent Ro;Ied Size. Stress Relieved Recrystallized

Ti Zr C inch 1800 240J 1800 2200 2400 q000

1.30 0.29 0.12 1/2 round .. .. . 50. 0(b) --

1.24 0.31 0.13 5/8 round 60.0 37.0 52.0 -- 39.5 --

1.23 0.27 0.15 1/2 round 72.0 21.0 60.0 -- 38s5 --

1. 14 0.27 0.14 0.051 sheet -- 21.0 .. .. 18.5 6.9

1.22 0.31 0.23 5/8 round 63.0 48.0 >58.0 -- 46.0 --

'1.7 0.29 0.30 1/2 round 67.0 41.5 56.0 -- 32.0 --

HIongation. per cent 8-20 13-34 10-18 12-18 7-53 10-92

(a) Recrystallhzed prior to final rolling.

(b) Solution treated and aged after rolling.
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Condition Tenperoture, F

4053-H Str tel 2400
S4053-H Recryst 2400

4053-H Recryst 3000 -
4053- L Str rel 2400

"-- -"0 4053- L Recrvst 24000
_'4053.- L Recryst 3000

0 "

o

IC ___ I --hi]i -H -
01 I 10 100 1000

Rupture Time, hours A46092

FIGURE A- 147. STRESS-RUPTURE BEHAVIOR OF STRESS-RELIEVED AND
RECRYSTALLIZED TZC SHEET AT 2400 AND 3000 F( 5)

-I(53-L sheet rolled in air with a relatv~ely low finishing

temperature.

-1053-H sheet rolled ini air with a relatively high finishing
temperature.

Analyses 1. 17% Ti, 0. 27% Zr, and 0. 15,% C.
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140 -- - -

120

100 - -Legend

l0 •L z

40 I

20

* 20 0 20 40 60 80 100 120

C

140 [_•

100

80-

60 -I

20 ----- •-

-20 0 20 40 60 80 100 120
A 46093

Ternperature, F

FIGURE A- 148. BEND-DUCTILITY BEHAVIOR OF STRESS-RELIEVED AND
RECRYSTALLIZED TZC SHEET (0. 051 INCH)( 5 )

Sheet rolled in air with a relativelv low finishing
temperature.

Heat 4053-L. analyses 1. 17% Ti, b. 27% Zr. and 0. 15% C.
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140 T

120 1

loo !- I) Legend

o . .S ...... ....
40 - /tel•dnc44Pll

20 - -jR. pyll-400 0L

"-o ____

-20 0 20 40 60 80 100 120

V 140 -0

120 --

100o - --

60 -

20'- J.
-20 0 20 40 60 80 I(Y. 120

Temperature, F A-45978

FIGURE A- 149. EFFECT OF TEMPERATURE, THERMAL TREATMENT, AND

SURFACE CONDITION ON THE BEND DUCTILITY OF TZC
SHEET (0. 052 INCH)(5)

Sheet rolled in air with a relatively high finishing temperature.

Specimens chemically milled to 0. 049 inch.

li{et 4053-H, anilyscs 1. 17% Ti, 0.271 Zr , and 0. 15% C.
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140

00-

100 - Legend

60 CL. (')I -' SfdI-l*oIn1

'4 Ii • - -' £ I N
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40 - -- M^
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C
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80ET(0Q04 O .58_NH}5

30-1--I_ _

H~t 05-. n Tyempera7%Ture .'7 , F a - 4.5977.

FIGRE -15.EFCxFTMEAUE HRA RAMNAN

-100 40531 a l s.17%02 30.7 4r. 50'd 0. 65% 0C
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4. Metallurgical Pro:Prties

-. Fahricability: the following schedtle has been successfully used to convert

ingot to sheet:, (1) extrude at 2850 F; (2) forge extruded sheet

bar at 3000 F, (3) breakdown rolling of forged bar at .500 to

2700 F;, (4) toll to nlate sizes at 2400 to 2600 F;ý and (5) sheet
rolling at 2400 to 2600 F( 3 )

b. Transition temperature:, Tables A-109 and A-110

c. Stress-relief temperature:, 1 hour at 2200 F for bar material(l') 1/4 hour at
2200 F for sheet (0. 050 inch) material(

5 )

d. Recrystallization temp.-rat:re,: 1 hour at 3400 F for bar nmaterial(l);, 1/4 hour

at 2900 to 3000 F for sheet (0. 050 inch)
material(5)

Figures A-151 and A-152
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TABLE %-109. BEND-TRANSITIONI1 J'EWEATIIRES FOR ClI MAX ARC-CAST TZC SHEE~T(~)

Minimum. TcflPuiAtue. F. for 140-Degrec Berid")
Sm.~ RW-iea Rl"WlftI~eul

P.4.4IcI Pipea4dcials P.;a1WMheIcl.
R0ic.x !'i. Rolling [Va. - Rolling Dit. R.Ilmgc Dv.

CoriPosml~o. She-., Le'. CU.- Crow- Chem-
-XI.,a p"r "CI. , "''.% V TOhtcnw.. Rolled fOIled Rolled NIIlled Rolled %filled Rolled Milled

i Zr ,odci an, Outfac Outface Surface Surface Surface B.al~ce Surfac Surfac

1.20 0.15 0.13 '.V0 UFar.ac, 0.012 .10 *. -40 -- 0 . .500
1.29 0.15 0.13 Di., 0. 0:0 -I0 M- ,5 .- b02 - *

1.17 0.27 0.10 "250t10 aSi I (,.i1 +30 -. .60 .- 90 - .100 +-.
1.11 / 2 ' - i. Jau . -10 -10 IVo .50 nSO 'bo wO *20

.17 7.217 _L'.15 L0UF ai.- 0.050 .315 .115 .375 .120 .275 nIO 5 n0 *.s 130

a)2T radius.ISad rna4.

la L"I- TABLE A-110. TENSILE -TRANSBITION TR6IPEAATURESCK 1061 AO %RC CAST TZC SlIEET(4)

himaonn TeoBe..tufe. r. fet 10 pet Cccl Svonoatwo
Stee. Rehaeecd -Recey$ullled

P.1.110l 1'eq-aalcals, P0a1eall Pttpetdicals,
Rolling Dir. Rollisig Dar. Rolling Die. Bo~lin DO'.

C~onposi.eio. Shect Chem . Chem- Chew- Chem-
,r"glhi pee -1n Fmina Soling Thaclanen. Rolled Mille Rolled Milled Rolled Mlled Rolled Milled

T, Z C Cemles ich Outface Sailac Solace Outface bi-uo Surface Sanbce Surface

1.1 I 70.2 0.20 -200SF inaa 0.131 .76 .. Z7 . . - .

1.17 0,27 0. 10 2W fF in ar 5.00 .c 0.0 0S .45 .40 c.1O +24 .10
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A,~~~~ - a~IdNvdie P

FIGLIREA-151. REC RY STALLIZATION BEHAVIOR OF CLIMAX A RC- CAST TZC
BAR AND SHE1ET( 4 )

0o*4 OW- 0@oS 0 0 O

6J
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Mo-25W-0. lZr-0. 03C

1. identification of Material

a. Designation: WZM (Climax)

b. Chemical composition: Mo-ZSW-0.1Zr-0.03C

c. Forms available: ingot and fabricated shapes on a best efforts basis

2. Phys.al Properties

a. Melting point: -5050F (estimated to be about the same as that fcr Mo-25W)( 1 )

b. Density: 0.418 lb/in 3 (calculated)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate .;,-,oile strength: Table A-111

Tensile yield strength: Table A-Ill

Elongation: Table A-Ill

Reduction in area: Table A-111

b. Effect of Temperature on Tensile Properties

Ultimate tensile atrength: Table A-112
Figures A-153 and A-154

Tensile yield strength: Table A-I12
Figures A-153 and A-154

Elongation: Table A-112
Figures A-153 and A-154

Reduction ini area: Talec A-lIZ

c. c. Creep and Stress-Rupture Properties

Tables A-113 and A-114
Figure A- 155

d. Other Selected Mechanical Properties

a. Lend dt-ttility: Figures A-156 through A-158
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TABLE A-111. ROOM-TEMPERATURE TENSILE PROPERTIES OF WZM BAR

Tcnsile Reduction

Strength. Yield Strength. Elongation. in Area,
Cond'tio'. 1000 ps. 1000 p$1 per cent per cent

Reference (a)

SErs relieved. I heur 2000 F 14:.9 1 2 6 . 5 (h) 32 62.5

Recrystallized. I hour 2600 F 95.8 89.%i(c) 27 23.2

Reference 3 (d)

Stress relieved 141.3 137.1 0 0

Recrystallized 105.3 79.3 32 25

(a) Test rate 0.005 inch per inch per minute throughi yielCing. then 0.01 in, h per inch per minute to frac:ure.
Analyses 26.4% W. 0. 10o, Lr. and 0. 03r,. C.

(b) 0. 1 per cent offset.

(c) Drop in load yield strength.
(d) I!9-mnrh tineim Analyses 25. l1%W, 0. 11k Zr, anr 0. 05iC.

TABLE A-112. TENSILE PROPERTIES OF WZM BAR AT 1800 AND 2400 F

Tensile Reduetien
Temperature, Strength. Yield ,.trengtl,. Elongation, L's Area.

Condition F 1000 psi !000 psi per cent per cent

Reference 2(a)

Stress r!lieved, I hour 2000 F 1800 99.4 31. IN() 18 75.9

2400 7.5 -- 22 86. U

Recrystallized. I hour 2600 P 1800 45.3 -- 39 bt.0
2400 26.9 16 .4 (b) 59 93.0

Reference 3(c)

Stress relieved 1800 93.3 81".6 18 66
Recrystallized 1800 42.8 22.9 46 91

Stress releved 2400 73.5 .-. 80
Recrystallized 2400 28.5 16.5 58 89.4

(a) Test rate 0. 0005 inch per inch per minute tnrough yielding, then 0.01 inch per inch per minute to fracture.

Analyses 26.4% W, 0. 106% Zr, and 0. 033% C
(h) 0. 1 per cent offset.
(c) Analyses 25. 1% W. .11% Zr. and 0. 051% C.
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40 180
170- Stress relievea 15 min at

3 7 0- Tensile 2200 F -

Yield
20 -I4 I") .I Z• 0

"C' 130 •

S ~EloncationU
So10• 120- 00-_ Z00

0 110-

o 00 -co -Z

-100 -60 -20 20 60 100

Temperature, F

I Recrystallized 15 min of _ T_-
8 ITelnsile
8 100

0l. -

-" 20 90 -,

0 P _/_"__
0 8

-60 -20 20 60 I00 140

Temperature, F A-45990

Sheet rolled in air with a relatively low finishing
temperature.

Heat 4052-L. analyses 25.4% W, 0. 10% Zr, and
0.037% C.

FIGURE A-153. LOW-TEMPERA'lURE TENSILE PROPERTIES
OF LONGITUDINAL STRESS-RELTEVED AND
RECRYSTALLIZED WZM SHEET (0. 050 INCH)( 4 )
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40 180 1 -FI I

170 __I__ _ Stress relieved 15 min -
7It 2200 F

30 - UO o- I __ I

o Q __,o -_o ,_-_._
e 20 - 140 - Tensile 2 0 I0 I0

c

4 -30 -- I I I

,0•o12C A .-

110o- /longa•tn Yield

0 - 00. AA / I "--4..- Tensile

-60 I 20 60 I0 "

40 1301r r [ ii

120o A [NA

30- 12,1 1 10I

TemerTue, F

1-1----

20 AE go-

2 c

U.1 10- 70 Elongation A- Yid

60 1/ RecrystallIized 15 min ____

,,I at 2750F

-60 -20 20 60 100 140

Temp~erature, FA-59

Sheet rolled in, air with a relatively high finishing
tem~perature.

Heat 4052-H, analyses 25. 4% W, 0. 10% Zr, and
0. 037% C.

FIGURE A-153. (CONTINTUED)
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40 180 1 1

170 Stress relieved 15 min",~.§I Tesle -

30 160 
2200

0 Tensil-
0 150"

"C 20 140 -,C, Yteld
C
t 130

C.
0

0, 10 120
Elonqohon

0c 00-
- 60 -20 20 60 100 140

-c 0B as 110- i 0- Elongation

0)

C (Iw _ _ _ _ _ _ _c- 20-2- 0 0

o A

Recrystallhzed 15 min

-- at 2750 F -'

- 60 - 20 ?0) 60 I1O0 140

Temperature, F A46094

Sheet rolled in air with a relatively lox% finishing

tempefature.

Heat 4052-L, analyses 25.476 W, 0. 10% Zr, and
0. 037%/0 C

FIGURE A-154. LOW-TEMPERATURE TENSILE PROPERTIES

OF TRANSVERSE STRESS-RELIEVED AND
RECRYSTALLIZED WZM SHEET (0. o(0 INCH)( 4 )
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Stress relieved 15 mi

170 at 2200 F

30 160 ensile , *

0

20- 240 _Z-

c£
0 110 7 Eogto

10- -20

-40 0 40 80 120 160

4 -130 17
120 Recrystal Ized-

at 2750 F
S30- &. 10W 010 - -- sl
20 90

80 ALI8 Yield

- 40 0 40 80 120 160
Temperature, F A46095

Sheet rolled in air with a relatively high finishing
temperature.

Heat 4052-H, analyses 25.4% W, 0. 10% Zr, and
0. 037% C.

FIGURE A-154. (CONTINUED)



A-263

TABLE A-Il. CREEP AND STRESS-RUPTURE PROPERTIES OF WZM BAR AT 1800 AND 2400 F(aX2)

Rupture Reduction
Temperature, Stress. Minimum Creep Rate. Tmne, Elongation, in Area.

Condition F 1000 psi per cent/hour hours per cent percent

Stress relieved, 1 hour 2000 F 1800 87.0 -- 1.3 20 16.4

80.0 -- 18.0 20 78.8

55.0 3 5 .7 (b) 0.5 0.8

2'*G0 16.0 -- 0).2 •3 61.1
14.0 0.168 28.5 -- 91.9

Recrystallized. 1 hour 2600 F 1800 39.0 5.52 1.2 55 89.7
38.4 1.86 1.5 53 87.9

34.G 0.1=22 19. G 56 90.7

2400 16.0 0.62 15.8 69 93.3

13.0 0.080 bb.8 64 95.5

(a) Analyses 26.4%W, 0.106%Zr, and 0. 033% C.

(b) Test discontinued.

TABLE A-114. 1- AND 10-HOUR RUPTUJRE STRENGTHS OF WZM BAR AT 1800 AND 2400 F(aX2)

Stre=. 1000 psi, to

Temperature. Produce Rupture

Condition 1- 1 tHour 10 Hours

Stress relieved, I hour 2000 F 1800 87.5 81.5

2400 18.3 15.2

ReL)sitalllzed. I hour 2600 F 1800 39.2 35.1

2400 23.4 16.9

ta) Analyses 26.4%W., 0.106%Zr. and 0.033%C.
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Legend

S heet Condition Temperature, F

0 4052- H Stress Relieved 2400
IOC -- 0 4052 - H Recrystollzed 2400

- - 4052 -H Recrystallized 3000

-- 4052- L Stress Relieved 2400

-O 4052 - L Recrystol lized 2400
- O 4052- L Recrystal hzed 3000

01 1 10 100 1000
Rupture Time, hours

a-45$99

FIGURE A-155. STRESS-RUPTURE BEHAVIOR OF STRFSS-RELIEVED AND
RECRYSIALLJZEI) WZM SHEE I' 'r 2400 AND 3000 F( 4 )

4052-L sheet rolled in air with a relatively lou. finishing
teinperatu'e.

405Z-H sheet rollh0 in air with a relatively ii,,h finishing
tevnperature.

Analyse• 25..!-' W, 0. 1 Zr. and 0. 0379` C.
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c
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80 - ___
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Temperature, F A4609C

FIGURE A-1 6. BEND-DUCTILITY BEHAVIOR OF STRESS-RELIEVED

AND RECRYSTALLIZED WZM SHEET (0. 051 INCH)'4)

Sheet rolled in air with a relatively low finishing
temperature.

Heat 4052-1,. a-lyses 25.4% W, 0. 10% Zr, and 0.037% C.
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4o •[ I
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FIGURE A-157. EFFECT OF TEMPERATURE, THERMAL TREATMENT,
AND SURFACE CONDITION ON THE BEND DUCTILITY
OF WZM SHEET (0. 051 INCH)(4 )

Sheet rolled in air with a relativcly high finishing
temperature.

Specimens chemically milled to 0. 048 inch.

Heat 4052-H. analyses 15.4% W, 0. 10% Zr, and 0. 037% C.
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FIGURE A-,58. EFFECT OF TEMPERATURE, THERMAL TREATMENT,
AND SUR:.ACE CONDITION ON THE BEND DUCTILITY
OF WZM SHEET (0. 054 TO 0.062 INCH)( 4 )

Rolled in InFab facility.

Specimens chemically milled 0. 040 inch.

Heat 4052-I, analyses 25.4/ W. 0. 10% Zr, and 0. 037% C.
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4. Metallurgical Properties

a., Fabricability:, successful extrusion temperatures for ingot range from

3200 to 4000 F with reduction ratios of up to 10. 1 at 4000 F(5)

b. Transition Tmrnpe.,ature:. <RTtc 400GF, depending uponform, fabricationhistory,
thermal treatment, and surface condition(2-

4 )

c. Stress-relief temperature: I hour at 2000 F for bar material(Z); 1/4 hour at
2200 F for sheet (0. 050 inch) niaterial(

4 )

d. Recrystallization temperature:, I hour at 2600 F for bar material(?); 1/4 hour
at Z750 to 2800 F for sheet (0. 05 "nch)
material(4)
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Mo-30W

I. ldentification of Material

&. Chemical composition: Mo-30W

b. Forms available: ingot And fabricated shapes

Physical Properties

a. Melting point: -5150 FI)

b. Density: 0.43 lb/in. 3(Z)

c. Electrical resistivity: specific resistivity at room temperature is
about 0. 06 ohm /mmrZ/m; the temperature
coefficient of resistivity is 1. 8 x 10-3 F{(Z)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate ten.ile stwength: Tables A-115 and A-116

Tensile yield strcngth: Tables A-115 and A-116

Elongation" Tables A-115 and A-116

Reduction in area: Table A-115

Modulus of elasticity: -50 x 106 p8 i(Z)

b. Effect of Temperature on Tensile Properties

Ultimate tensile streligth: Table A-117

Elongation: Table A-Il7

Reduction in area: Table A-117

c. Creep and Stress-Rupture Properties

Table A- 1lt

d. Other Stlected Mechanical Properties

Hardness: Tables A-119 and A-IZ0
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TABLE A-i5. ROOM-TEMPERArURE TENSILE PROP!ERTJES LF Mo 39W

BAR (1/2-INCH SQUARE)(aX
2 )

Tensile Yield

Strength, S.rcngtls. Eongation, Reduction it!

Condition 1000 psi 1000 psi per cent Area. per CuLt

St-ess relieved. 121.5 106.9 26 40

2000 F

Recr '"- 1lhzed, 93.8 69.1 12 10

260v F

(a) nt:alywes 28 91% W and 0.021F/o C.

TABLE A-116. TYPICAL ROOM-TEMPERATURE TENSILE DATA FOR ARC-

CAST STRESS-RELIEVED .1o-30W ROUND BAP PRODUCED BY

CLIMAX(aX
3
)

Average Yield Average
Diameter, Average Tensile Strength (0.2ýk Elongation in

.. t.. ...- -n., 'a.•. ,,... .i *- -.e

;/2 104 t. 2C
5/8 10, B8 15

3/4 93 78 tO
7/8 10) 94 10

1 106 94 7
i - /2 101 90 6
1-:314 88 '73

2 93 81: 6

2-3.!4 9. ;L 10

(a) Cold Water Production Eatsi,t%. All data from 6-inch-alia 7jetur art-

cast ii-gots covering a 2-year period. Material str-s relic ..d IA. tO

I hour at 22v, to 2350 F. Test rate j.to',2 ih per inch rr .flzni•it u,

tite elastic rnge, thsen 0. 03 lich per inch per lsilutc It' ftJatnIre.

TABLE A 117. TENMILE PROPERTIES OF Mo-20W BAR (1/2-INCII bQUARE1
AT 1800 F(a)(

2
)

Strength. Elongation, Reduction in
ronditirnti 0off psi per cent Area. per c wnt

Stirs releved. 65. 7 25 77

2000 F

Recrystallized, 32.4 83 90
2t6u- F

(a) Anal)wcs 2.1 9I116 W ,'.d 0.021•0(,
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TA3LE A-I2•. CREJ'P AND STRESS-RUPlURE PROPERTIES OF Mo-30W AT
380) F(a)(2)

Stress. Crecp Rate. Rupture Time. Elongation. Reduction in

.i0 p per ccntihour hms per cent Area. ptr cent

6o 17 1.. 13.9 84.8

50 0.12 28.1 !7.2 84.5

(a) These values give an Litiniated 100-hour rupture strength of 47,000 psi.

Analyses 28 91V W and v.027o C.

1 ABLE A-3,19. I YPICAL R )O5-TEMPERATURE IARDNESS

DATA FOR 45C-CAST M2o-30W ROUND BAR

PRODUCED BY CLIMAX(a)(
3

)

Diameter, Average Hardness.
inches DPH

I 2 256

5/8 230
3/4 243
7"8 260

I-3/2 '64
1-3/4 253
2 257
2-3/4 '4'3

(a) Cld )a.ter Prodtromn Facrlhty. All

data fr( n: o-inclh-c•|lattcr are-cast
.- %mor period.

Materiai sire's rehl'.ed I/4 hour

to . hour at -' to 102350 1.

I AmI. A- 12, !OT-HARDNESS OF AS-CAST Mo-0oW(
2
)

Temperature, Hot Ilardne.s,

F DPil

RT 198
2000 70

60

2;), ,51)
2600' .10
2800 32
30', 27
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q. Metallurgical Properties

a. Fabricability: material has been successfully extruded and forged; a
satisfactory forging temperature is 230L1 F, requires
more reheatings and higher working pressures than
v:nalloyed molibdenum(2)

b. Transition temperature:, <RT for bar material(2 , 3 )

c. Weldability:, material has been successfully joined 1i ¢velding( 4 )

d. Stress-relief temperature: 1/4 to 1 hour at 2200 to 2350 F( 3)

e. Recrystallization temperature. 2600 F(-)
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Identification of Material

a. Ghen.-cal coniposition:, Mo-50W

b. Forms available:, ingot and fabr-,.'ed qhape,- on a best efforts basis

2. Physica! Propurtieb

a. Melting point:, -5450 F( 1 )

b. Density:. 0. 483 lb/i,. 3 (calculated)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength:, Table A- lZ

Tensile yield strength:. Tabie A-121

Reduction in area: Table A- 121

b. Effect ol Temperature on Tensile Proterties

Ultimate tensile screnglh. Table A- 12?

Elongation: Table A-122

Reduction in area: Thble A-122

c. Creep and Stress-Rupture Properties

Tables A-123 and A-i!4

d. Other Selected Mechanical Properties

a. Bend ductility:- Figures A-159 and A-Io0
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TABLE A-121. ROOM-TEMPERATURE TENSILE PROPERTIES OF Mo-50k. BAR(aX
2
)

Tensile Yield Strength Reduction

Strength. (0. 1
0
b Offset), Elongation, in Area.

Condition 1000 psi . OOO-pa5 pel •ent per cent

Stess relieved, 1 hour 2000 F 144.0 j33.8 14 13.1

Recy.t.tallzed. 1 hour 2700 F 97.7 -- 0 0

(a) Test rate O.OC0b inch per inch per minute through yielding, then 0.01 inch per inch per minute to

fracture. Analyses 49.,3'bW and C. 008%C.

TABLE A-I'2. TENSILE PROPERTIES OF Mo-50W 9AR AT 1800 AND 24C0 F(aX2)

Tensile Yield Strength Reduction

Temperature. Stength. to. 1% Offset), iongation, in Area.

Condition F 1000 1-. low, psi per cent per cent

Stress relietcd. I hour 2000 F 1800 8"t.0 49.7 26 83.8

2400 50. 1 20. ( 37 p3.6

Recrystallized, ' hour 2700 F 1800 44.6 17.8 57 87.7

2400 20.• i6.2 76.5 81.3

(a) Test rate O.00W, inch per inch per nmmiin- through yi..lding, then 0.01 inch per .isch per minute to fracture.
Analyses 49.3'"A• and 0.008%C.
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TABLE A-123. CREEP AND STRESS-RUPTURE PROPERTIES OF ,Mo-50W BAR AT 1800 AND 2400 F(aX2)

Rupture Reduction
Tempcrature, Stress, Minmum Creep Rate, Time, Elongation, in Aiea,

Condition F 1000 pS! per cent/hour hours pU C.tri per cent

Stress rc:tcvcd, 1 hour 2000 F 1800 69.1 -- 0.4 31 81.7

61.9 -- 3.1 28 51.9

2400 30.0 -- 0.4 37 35. 9
16.0 0.95 10.0 56 70.3

Recristallized, 1 hour 2700 F 1800 36.0 7.76 3.3 58 89.8
"-.1 1 50 72. 1

2400 19.0 - . I 56 23.2
15.0 -- 10.4 118 94.6

(a) Analyses 49.34W and 0.038%hC.

TABLE A-124. 1- AND 10-HOUR RUPTURE STRFIGTHS OF Mo-SOW BAR AT 1800 AND 2400 F(aX
2
)

Stress, :OOO p-:r t.c
Temperature. Produce Rupture

Condition F i Hour hi Hours

Stress rehe ced, 1 hour 2000 F 1800 66.0 52.5

2400 25.0 16.0

Recrystallizcd. I hour 2700 F 18,0 38.5 33.0

2400 21.2 lS. 1

(a) Analyses 49.33%W and 0.008%C.
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4. Metal]urgical Proerties

a. Fabricability. arc-cast ingots can be extruded to sheet bar at 3500 to 4000 F
using reduction ratios of up to 8:1; she,-t bar can be rolled to
intermediate gage thickness (1/8 inch) at 2400 to 2800 F, final
sheet rolling to 0. 050 inch can be done at 2400 F( 3 )

b. Transition temperature:, -RT to 625 F, depending upon form, fabrication history,
thermal treatment and surface condition(2 , 3)

c. Stress-relief temperature. I hour at 2000 F for bar material(Z)

d. Recrystallization temperature: I hour at 2700 F for bar material(Z); 1/4 hour
at Z800 F for sleet (0. 050-inch) material( 3 )
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